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ABSTRACT
The electrical characterization on two-dimensional carbon-based graphene and
nanodiamond materials was performed to improve charge transport properties for the labelfree electrical biosensors. The charge transport in solution-gated graphene devices is
affected by the impurities and disorders of the underlying dielectric interface and its
interaction with the electrolytes. Advancement in field-effect ion sensing by introducing a
dielectric isomorph, hexagonal boron nitride between graphene and silicon dioxide of a
solution-gated

graphene

field-effect

transistor

was

investigated.

Increased

transconductance due to increased charge carrier mobility is accompanied with larger ionic
sensitivity. These findings define a standard to construct future graphene devices for
biosensing and bioelectronics applications.
Furthermore, we demonstrated selectivity for sensing several ions using
ionophoretic membranes over the graphene channel. Selectivity is obtained from the shift
in the Dirac voltage (VDirac) and the transconductance (gm) with varying the electrolyte
concentration. We demonstrated graphene ion-sensitive field-effect-transistors with more
than 99% repeatability and over 98% reproducibility over 60 days testing period. Using
hexagonal boron nitride as an underlying layer for graphene transistors, the sensitivity of
the desired ions enhanced significantly while the sensitivity for the undesired ions
remained unchanged. Subsequently, we reported frequency domain sensing of K+ and Ca2+
ions using a solution-gated graphene field-effect transistor. The sensitivity at 2nd and 3rd

iii

iv
harmonics was found to be higher for Ca2+ than K+, or Na+ due to the higher ionic charges.
By introducing hexagonal boron nitride as a graphene support-substrate, the sensitivity was
increased as well as the device-to-device reproducibility.
Next, we reported our findings on preparing a graphene oxide-based gas sensor for
sensing fast pulses of volatile organic compounds with a better signal-to-noise ratio. We
found that the dielectrophoresis yielded films were uniform in terms of graphene oxide
coverage with better sensor responses compared to the solvent evaporated film properties.
Contrary to prior reports, we found that if we sonicated the sensor in acetone, we created a
sensor with a few flakes of reduced graphene oxide with higher signal-to-noise ratio.
Modeling showed the sensor’s response was due to the one-site Langmuir adsorption or an
overall single exponent adsorption process.
Impedance spectroscopy of the pure water was carried out with the interdigitated
electrodes to reveal the role of the detonated nanodiamonds (DNDs). Results show that the
DNDs (having a positive zeta potential) at the IDEs reduce the geometrical resistance to
less than half of its initial value, and the time constant reduced for the HN relaxation to less
than one-fourth of its initial value. These changes propose doubled diffusion coefficient
and mobility of the charged species, and reduced dielectric relaxation time constant. It is
hypothesized that the DNDs, which have a positive zeta potential, when seeded on gold
and oxide surfaces with a negative zeta potential, reduce the electrostatic force acting on
the diffuse layer ions, and increase their mobility.
We believe our findings in two-dimensional nanodiamonds and graphene-based
materials’ electrical characterization will add values in label-free electrical biosensing in
pathological diagnostic applications.
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INTRODUCTION

1.1

Statement of the Problem

In label free biosensing, sensitivity, selectivity, repeatability, and reproducibility
can be improved by exploiting the superior electrical properties of two-dimensional (2D)
carbon-based materials. In recent decade, numerous investigations are reported upon the
use of 2D materials as switches [1] and RF amplifiers [2], which have redefined the future
of label free biosensing roadmap. Still, we need to explore to have an improved strategy to
solve the problem of collaborating and matching different 2D materials with the desired
attributes and functionalities for improved sensing operation with optimized electrical
characterizations.
1.2

Research Objectives

Research objectives can be described into manifold improvement and enrichment
in biosensing applications by exploring and improving materials’ electrical properties, by
introducing new techniques and processes, and by investigating different operational
modes. The research objectives can be linked into the specific resolutions as narrated
below.

1

2
1.2.1

Improvement in Label Free Biosensing
According to the statistical reports from Unicef®, more than 1300 young children

are dying every day due to the lack of pathological diagnosis [3]. Our goal is to improve
biosensor using two dimensional carbon-based materials with reliable and stable ion
sensing with minimum cost. This would lead to exploiting our user-friendly ion sensors on
flexible substrates or with wearable devices to ease the physiological and pathological
sensing. Biosensors are bioelectronic devices considered as the primary element of the
measurement machine that converts the biological sample into easily interpretable and
quantifiable output signal. Label-based biosensor corresponds to the sensors with
label/marker molecules to help detect the target (example: fluorescence labeling, radio
isotope labeling). Label-based sensing mechanism is comparatively complex and the
sensing process depends on marker or label molecules. Moreover, label-based sensing only
provides end-point read out. For continuous monitoring, label-based sensing is a hindrance
[4]. Our research goal is to explore and develop the most convenient label-free sensing by
electrical parameter detection with characterizing materials’ electrical properties.
1.2.2

Materials Selection and Characterization
Our goal is to select and manipulate a highly sensitive and selective sensing surface,

which is bio-compatible, stable, adequate in nature, having excellent electrical and thermal
properties, remarkable carrier mobility, tunable band-gap and doping level, with
comparatively easy synthesizing and processing, non-toxic, environmentally friendly and
cost effective. In terms of the electrical properties, graphene and graphene-based twodimensional (2D) materials are aspiring versatile scopes with the two-dimensional zero
band-gap atomic structures with massless Dirac fermions. One of our major objectives is
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to explore and improve graphene-based materials’ electrical properties by varying different
interfacial dielectric layers to tune the band gap and doping level. Exploring electrical
transport properties through 2D materials like graphene and nano-diamonds are other
scopes of our work. To enhance selectivity on graphene-based channel, exploring the
effectiveness of different ionophoretic membranes in ion sensing is considered a scope to
improve selective sensing in physiological applications.
A research team led by Nobel Laureate Professor Andre Geim of the Manchester
Centre for Mesoscience and Nanotechnology defined a transistor device with graphene in
the March 2007 issue of Nature magazine [5]. Due to the exceptional high crystal and
electronic quality, graphene was defined as a new paradigm in transistor both as a switch
and an amplifier. Unlike the metal-oxide-semiconductor field-effect transistor (MOSFET),
the characteristics of graphene transistor is defined as the change of the channel current
with respect to the changing electrical field at the gate. As graphene is the zero band-gap
material, there is neither threshold nor saturation region for graphene transistor like in the
MOSFET. The operational mode of graphene transistor is almost linear. In 2010, Frank
Schwierz et al. reported detail characteristics of graphene as transistor in a Nature review
article [1]. In our study, we followed those guidelines in characterizing graphene in
transistor mode operation.
1.2.3

Process Exploration and Development
In our research, one of the major goals is to explore and develop different processes

(chemical, microfabrication); and to investigate the outcomes for process valuation and
validation. Our research goal is to explore different thin film deposition process using
graphene oxide and to assess the sensing performance with electrical characterizations.
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Other reaserch objective is to develop an improved graphene oxide chemical reduction
process to enhance sensitivity with reduced noise. Device microfabrication is always a
challenge because most of the electrical properties of the device depends on the quality and
expertise of microfabrication. Our goal and challenge is to transfer graphene and hexagonal
boron nitride (hBN) film on the substrates, to fabricate graphene transistors on different
substrates (SiO2, hBN), and to deposit the ionophoretic membranes on graphene channel
windows.
1.2.4

Modeling and Exploring with Different Operational Modes
Our main goal is to characterize and improve the 2D materials’ electrical properties

as well as to improve sensing mechanism with higher stabile, reliability, repeatable,
reproducible, sensitive, selective, and low noisy sensor. While characterizing the electrical
properties of the 2D materials, our goal is to develop and to fit the theoretical models with
the experimental findings to explore electrical transport properties, adsorption-desorption
process, or electrochemical properties. Another research goal is to explore different testing
and operational modes with graphene transistor as a sensor. Our goal is to operate both in
AC and DC mode operations to investigate and to assess between two different modes of
operations. In sensing with different electrolytes, our goal is to investigate sensing
performance using individual electrolyte as well as lock solution to gain robustness for our
sensors.
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1.3

Structure of the Dissertation

This dissertation is structured on the research works chronologically: the electrical
characterization of the 2D materials are evolved with different techniques, introducing new
materials with a device, developing new processes and fabrication techniques, or exploring
different testing and operational modes. The entire structure of this document can be
glimpsed as follows:
Chapter 2 demonstrates the electrical characterization of nanaodiamond seeded
interdigitated electrodes of pure water using electrochemical impedance spectroscopy
technique. The impedance data are fitted with some predefined model to exploit the
diffusion mechanism and ionic transport properties both in the bulk and the Debye regions.
Chapter 3 reports the findings on how to prepare a graphene oxide-based gas sensor
for sensing fast pulses of volatile organic compounds with a better signal-to-noise ratio.
Different types of graphene oxide film deposition techniques are investigated and a novel
chemical reduction process is described for graphene oxide to enhance sensitivity and to
reduce noise.
Chapter 4 exhibits the findings of advancement in field-effect ion sensing by
fabricating a dielectric isomorph, hexagonal boron nitride between graphene and silicon
dioxide of a solution-gated graphene field-effect transistor. The charge transport in
solution-gated graphene devices is affected by the impurities and disorder of the underlying
dielectric interface and its interaction with the solution.
Chapter 5 shows the improvement in sensitivity and selectivity from the graphene
ion sensitive field-effect transistors (ISFETs), where the charge transport properties are
enhanced selectively by the impurities and disorder of the underlying dielectric interfaces
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through the ion selective membranes. Using both individual electrolytes and lock solutions,
the graphene ISFETs exhibit remarkable sensitivity and selectivity.
Chapter 6 demonstrates frequency domain ionic sensing, where the sensitivity is
calculated in terms of the power spectral density with respect to the frequency spectrum.
The operation of this frequency domain sensing mechanism is less dependent on the Debye
layer effect and more dependent on channel surface resonance. Finally, we also
investigated a comparative study between AC and DC mode sensing mechanism using
graphene ISFETs.
Chapter 7 summarizes the major findings from the entire efforts and initiatives that
will hopefully add some value to inspire future development and related research works.

CHARACTERIZATION OF NANODIAMOND SEEDED
INTERDIGITATED ELECTRODES USING IMPEDANCE
SPECTROSCOPY OF PURE WATER

2.1

Introduction

Nanodiamonds (NDs) are 2 - 10 nm wide crystals with sp3-hybridized carbon atoms
in the core arranged as the corners of a repeating tetrahedral structure, while the surface
carbon atoms are either sp3-hybridized with a variety of functional groups or sp2-hybridized
into a graphene plane [6]. Presently, NDs are commercially synthesized via detonation [7],
laser ablation [8], or high-energy ball milling of high pressure high temperature diamond
microcrystals [9], while other techniques such as plasma-assisted chemical vapor
deposition [10], ultrasound cavitation of organic compounds or graphite, [11, 12],
autoclave synthesis from supercritical fluids [13], chlorination of carbides, [14] ion
radiation of graphite [15], and electron irradiation of carbon onions [16] also exist. The use
of detonation NDs (DNDs) in biosensing has gained widespread attention, primarily due
to its moderate cost, the relative ease with which a wide variety of functional groups can
be decorated on DNDs for bioconjugation [6, 17], its excellent biocompatibility [18, 19],
and the induction of fluorescence through doping [20].
Recently, the use of DNDs to decorate biosensing electrodes has shown unique
advantages. For example, the use of oxidized DNDs at electrodes has shown to enhance
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the electrochemical response of different redox probes in solution such as Fe(CN)63−/4− [2123], IrCl63−/2− [22], Ru(NH3)63+/2+ [21], and ferrocene methanol [24]. This enhancement is
either due to the favorable interaction between the redox active functional groups on the
DNDs with the redox species in the solution, or the concentration of the redox probes at
the electrodes due to its adsorption on the DND surface. Oxidized DNDs and nitrogendoped DNDs on n-doped silicon have shown to improve the sensitivity of enzymatic
detection of glucose [25]. The enhanced electrochemical response of ferrocene methanol
on gold electrodes decorated with oxidized DNDs has recently been used to create sensitive
enzymatic sensors for glucose and lactate [26]. The use of DNDs was also observed to
improve the distribution of the enzyme on the electrode, and promote the electron transfer
between the enzyme and the redox probe. While most of the work reported uses the
oxidized DNDs that have a negative zeta potential, recently we reported the use of DNDs
with a positive zeta potential (> 20 mV) to create a non-faradaic impedance biosensor [27].
The purification method of the DNDs plays a major role in determining their zeta potential
[28, 29]. The liquid phase oxidation using strong acids typically results in the DNDs with
a positive zeta potential, while the gas phase oxidation in air or ozone results in the DNDs
with a negative zeta potential.
We used mild-sonication to seed the DNDs with a positive zeta potential, and
optimized the solvent type, the DND concentration, and the sonication time to create a
surface coverage as high as ~35%. The original motivation was to anchor the biomolecules
to the seeded DNDs using our previously published UV-alkene chemistry [17, 19], and
thereby improve the hydrolytic stability of the immobilization at the interdigitated
electrodes (IDEs) of the biosensor. To our surprise we found that the use of the DNDs
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improved the sensitivity of the charge transfer resistance to the capture of target bacteria.
The impedance measurements in solutions of varying conductivity before and after DND
seeding elucidated that the resistive or the charge transfer contribution to the overall
impedance decreased with DND seeding; furthermore, this reduction was masked as the
solution became more conductive. One hypothesis we had then postulated was that the
DNDs were nanometer scale electrically conductive islands between the electrode fingers
forming a surface conduction pathway, which was more sensitive to bacteria capture. The
electrical conductivity in DNDs has been observed in its powder or cluster form [30, 31],
analogous to the electrochemical transfer doping observed on hydrogen-terminated
diamond surfaces [32].
However, recent investigation of surface electronic properties of transfer-doping in
single isolated NDs by Asaf et al. using scanning tunneling spectroscopy and Kelvin force
microscopy shows that as the size of a single ND shrinks, especially below 10 nm, the
surface electron affinity, following hydrogenation and exposure to air, becomes less
negative, and the surface band bending is lower than that obtained on the surface of the
bulk diamond exposed to the same hydrogenation procedure [33]. This warrants the search
for an alternative mechanism for the reduction in the resistive or the charge transfer
contribution to the overall impedance with DND seeding in our previous report.
We use impedance spectroscopy (IS) of pure water to probe the contributions of
DNDs to the charge transport across the IDEs. The presence of low charge carriers in pure
water prevents masking the small changes induced by the DNDs. In IS, a small alternating
electrical stimulation is used to probe the changes in electrical properties of a system [34].
The IS data is collected over a frequency range of interest, then it is converted into the
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Fourier transform domain, and an equivalent circuit model is hypothesized that fits the
impedance data as well as explains the physically relevant changes in the system. Several
softwares like LEVM [35, 36], MEISP (Kumho Petrochemical Co., Korea), Zview®
(Scribner Associates, USA), EIS300TM (Gamry Instruments), ZMAN (Xeno Systems,
Korea), FRA2 (Metrohm Autolab B.V., Netherlands), and more have been used for
equivalent circuit modeling. The choice of software has been primarily driven by the list
of equivalent circuit models and the types of elements offered, the cost and the availability,
the acceptance within the particular research field, the user friendly interface, the
documentation and the support, the fitting algorithm, and the method for parameter
estimation [37]. LEVM, or its counterpart with a graphical user interface, LEVMW stands
out among those as an open source, freely available package that performs complex
nonlinear least squares (CNLS) fitting with Levenberg-Marquardt method for parameter
estimation. This program was written by Dr. J. Ross Macdonald, and specifically
developed for analyzing electrochemical, dielectric, highly resistive or highly conductive
system data. We chose LEVMW due to the availability of more than 37 distributed
elements and numerous models with physical significance.
In this study, we fabricate DND-seeded IDEs as previously reported, perform
impedance spectroscopy of pure water on the IDEs before and after DND seeding, and use
LEVMW to interpret the physically relevant changes at the IDEs due to DND seeding.
Specifically, we elucidate the type of charge that is affected, its diffusion coefficient, and
the changes in the dielectric relaxation time constant. Through the changes in the
equivalent circuit model, we hypothesize a couple of mechanisms by which DNDs are
enhancing the charge transport across the IDEs.
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2.2
2.2.1

Methodology and Materials

Device Fabrication
The process for device fabrication and DND seeding have been detailed in our

previous publication [27]. Briefly, a silicon wafer (525 ± 25 µm thick, 1 - 10 Ω-cm) coated
with a 280 nm thick thermal oxide was used for device fabrication. The IDE layer was
formed by sputter depositing a 25 nm thick Cr adhesion film and a 200 nm thick Au film,
and patterned them using the lift-off process with S1813 as the photoresist. Each electrode
in the IDE pairs contained sixty-five fingers, each 2.5 mm long, 9 μm wide and spaced 9
μm apart. Subsequently, a 300 nm thick insulating oxide layer was deposited by plasma
enhanced chemical vapor deposition. The IDEs were then exposed by opening circular
windows (2.4 mm diameter) in the insulation layer using photolithography and buffered
oxide etching. The silicon wafer was diced to obtain individual devices, each having a 3 x
3 array of IDEs.
For DND-seeding, the received 0.5 (w/v)% DND solution in DMSO was diluted in
1:1 ratio with methanol; the fabricated devices were sonicated in the diluted DND solution
for 30 minutes in a Branson bath sonicator. According to the manufacturer (Adamas
Nanotechnologies), the NDs were size separated by centrifugation and were found to be
within 3 - 10 nm while the peak of the distribution was around 5 nm. These NDs show a
positive zeta potential and DMSO as a solvent provides strong resistance to settling of these
NDs [28]. For post-sonication, the devices were rinsed with deionized water (DI), acetone,
and isopropyl alcohol, and blow-dried under a gentle nitrogen stream. The surface
morphology of DND-seeded IDE was investigated using scanning electron microscopy
(SEM, Hitachi S-4800) and image processing (2D fast Fourier transform filtering) of the
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SEM images using the Gwyddion software package. The circuit setup with water puddle
is shown in Figure 2-1.

Figure 2-1: Optical image of a 3 x 3 IDE array device that was fabricated and seeded
with the DNDs with a positive zeta potential. The IDE array device is plugged into the
card edge connector, which then allows addressing each individual IDE using alligator
clips. Pure water obtained from the deionization unit was used to create a puddle over
the IDE during the measurement.

2.2.2

Measurement Setup
The fabricated IDE array devices were electrically connected using a high-density

card edge connector (Sullins GBB10DHLD) to an impedance analyzer (CompactStatTM,
Ivium Technologies). The working electrode lead from the CompactStatTM was short
circuited to the sense electrode lead, and the reference lead was short circuited to the
counter to make two two-electrode measurements. The device was set inside a grounded
Faraday cage. Impedance measurements were made with a puddle of deionized water
(20°C, 3 μS/cm) sitting over the device without touching the sides of the chip. The
magnitude of the impedance and the phase lag across each of the IDEs was averaged from
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three readings using a 10 mV excitation at 52 frequencies over a frequency range of 100 to
105 Hz. The LEVM circuit H is shown in Figure 2-2.

Figure 2-2: Equivalent circuit diagram on the circuit H from LEVM, where PNP/PNPA
diffusion model was incorporated with the BCD (blocking-conductive distributed)
element, which can produce several PNP/PNPA response with exactly the blocking
electrode model or the partially blocking electrode model with the estimation of one or
both of the dissociated charged species. DE2 and DE3 are the distributed elements, L is
for the inductance, R2 and R3 are the resistance in series with the distributed elements,
where C2 and C3 are parallel capacitance with DE2 and DE3, respectively; RA and CA
are the parallel elements with BCD, where Rp and Cp are the parallel resistance and
capacitance in the circuit H; R1 is the high frequency resistance and C1 can be presented
as the geometrical capacitance.

2.3

Results and Discussion

Among the several pre-defined equivalent circuit models in LEVMW, we found
that the circuit H [35], was more appropriate for modeling the impedance data for pure
water across the IDEs [38]. We set the values of the following elements to zero: L, DE1,
R3, C3, R2, C2, RA, Cp, CA, and RP, and the circuit H was reduced to the simplified form
shown in Figure 2-3. The impedance arising from the geometrical capacitance C1 can be
written as
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Eq. 2-1

Figure 2-3: The equivalent circuit model for impedance between the interdigitated
electrodes deduced from circuit H, where C1 is the geometrical capacitance, R1 is the
geometrical resistance or also known to define the high-frequency plateau of the real
part of the impedance, and DE2 is a distributed element accounting for the HavriliakNegami (HN) relaxation of the Debye layer.

The distributed element DE2 followed the HN relaxation model and the expression
of impedance for this element can be written as
Z HN =

{1 + ( j T

RDE 2

U
DE 2 ω )

DE 2

}

PDE 2

.

So, the overall equivalent impedance of the circuit in Figure 2-3 is
, or

Eq. 2-2
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.

Eq. 2-3

The LEVMW software is unique as it helps solve the Eq. 2-3 in conjunction with the
Poisson-Nernst-Planck anomalous (PNPA) diffusion model for the motion of the charged
species between the two electrodes in the IDEs [39]. The two extreme types of electrode
models are the conducting electrode model and the fully blocking electrode model. The
impedance, ZC (ω) for a conducting electrode model as shown in Figure 2-4(a), can be
expressed as

.

Eq. 2-4

where Rb is the bulk resistance, Cb is the bulk capacitance and

. The impedance,

ZB (ω) for a fully blocking electrode model as shown in Figure 2-4(b), can be expressed
as

.

Eq. 2-5

where CD is the Debye layer capacitance. From Eq. 2-4 and Eq. 2-5, it can be inferred that
the real part of the impedance expression is the same for the conducting and the fully
blocking electrode models; however, the imaginary part of the impedance plays the
decisive role in determining the appropriate model. Figure 2-4(c) shows the plot of the
imaginary part of the impedance versus the frequency using Eq. 2-4, Eq. 2-5, and the
experimental data from one of the sensors. As shown in Figure 2-4(c), the experimental
data from the IDEs suggested the use of a partially blocked electrode model in LEVMW.
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In order for LEVMW to solve simultaneously for the equivalent circuit model as
well as the PNPA diffusion model, a few values needed to be calculated. The capacitance
of the empty IDE cell (CELCAP) was calculated as
.

Eq. 2-6

where A is the effective electrode area, εο is the permittivity of vacuum and L is the
electrode separation distance. In our experiment, A = 1.16 × 10-2 cm2, L = 9 × 10-4 cm, εο
= 8.854 × 10-14 F/cm, and thus, CELCAP = 1.141 × 10-06 µF. Partial and blocking electrode
model is shown in Figure 2-4.

Figure 2-4: Plots showing the equivalent circuit diagram of (a) the simplified
conductive electrode model, (b) the simplified fully blocking electrode model, and (c)
the imaginary part of the impedance, |Im(Z)| plot versus the frequency.
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Estimation of dissociated charged species plays an important role in impedance
spectroscopy when the medium is not significantly dielectrically dispersive. Considering
that our experiments were conducted at 20°C, the corresponding value of the ionization
, KW = 6.81×10-15 mol2/L2 [40]; so,

constant for water dissociation:

the total molar concentration of the dissociated charged species calculated to be

c max =2 ⋅ K W =1.65 × 10 -07 mol/L. and the maximum molar concentration of the negative
or the positive charged species being
maximum

density

of

each

intrinsic

Furthermore, the
dissociated

species

was

calculated

as

, where NA is the Avogadro’s number (6.022 × 1023 per mole). This
|Nο,max| (= 4.97 × 1013 per cm3) formed the upper limit of our guess for the concentration of
each charged species, Nο used in LEVMW, while the ratio of the rate constant of generation
of charged species (kg) to the rate constant of recombination (kr) was set as
, and the ratio of the generation-recombination relaxation time (τGR) to

the Debye relaxation time (τd) set as

. These high values for ξ and kgr

ensured ignoring recombination [41]. All positive and negative charged species were
considered as univalent, and thus, the valence number ratio of negative to positive charged
species was kept fixed as

. Cases of one mobile charged species were simulated by

fixing the value of mobility ratio of the negative (μn) to the positive (μp) charged species as
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, and in the cases of two mobile charged species were simulated

with

.
As shown in Figure 2-5, we did not notice a significant difference in the fit obtained

with the one mobile charge or the two mobile charges. Hence, for the rest of the study in
this chapter, we consider only negative mobile species to compare the effect of DND
seeding at the IDEs. We found that the best fits were obtained with | Nο | value around 3.31
× 1013 per cm3, regardless of the presence of DNDs at the IDEs; this | Nο | value corresponds
to a molar concentration value of Mn = 5.50 × 10-08 mol/L, a total molar concentration of
co = 1.10 × 10-7 mol/L, and an ionization constant of K’w = 3.02 × 10-15 mol2/L2, which are
nearly half of that predicted by the theory of water ionization. The Nyquist plot on two
sensor data are presented in Figure 2-5.
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Figure 2-5: Nyquist plots of impedance data obtained from sensor 2 and 3 with one
mobile (1 M) and two mobile (2 M) charged species in LEVMW, where no significant
change was observed in curve fit.

The Nyquist plots calculated from the experimental data, and the best fit obtained
using the above calculated constants and initial guesses for the PNPA diffusion model with
one mobile charged species between two partially blocking conductive electrodes as shown
in Figure 2-6.
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Figure 2-6: Nyquist plots of impedance data obtained from eight different sensors
before and after seeding with DNDs. Experimental data from Au electrodes is
represented by the blue dots and the equivalent circuit model fitting represented by the
blue line. Experimental data from DND-seeded Au electrodes is represented by the red
dots and the equivalent circuit model fitting represented by the red line. DND-seeding
lowered the overall impedance of most of the sensors and the fittings perfectly followed
the experimental data at higher frequency (lower Re(Z)), but at the lower frequency, it
shows slight deviation in some sensors.

At the high excitation frequency regime (lower real part values), both real and
imaginary parts were found to increase with the reduction of frequency, which resembles
the response of pure water as described by Macdonald [42]; subsequently, a plateau was
noticed. Overall, we found that DND seeding lowered the absolute impedance for most of
the sensors like we reported previously [27]. Figure 2-7 shows the real and imaginary part
of the impedances with and without DND seeding, plot versus the excitation frequency.
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Figure 2-7: The impedance vs. frequency plots of experimental and curve fit data from
the eight electrodes before and after ND-seeding, where experimental data are presented
with dots and curve fit data are presented with smooth lines. Blue lines and dots
represent data with the electrodes before the ND-seeding, where red lines and dots
represent data with electrode after the ND-seeding.
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We noticed that the values for the real part with and without DND seeding were
close at frequencies larger than 10 kHz, but were found to be lower for DND-seeded IDEs
at frequencies below 10 kHz, with the biggest shift due to DND seeding found around 1
kHz. With the biggest shift due to DND seeding noticed around 5 kHz. It is believed that
the ion conduction property of the charge transfer pathway [43-45]. Thus, our experimental
data are indicative that the DND seeding causes differences in conduction behavior of the
dissociated ions [43] as shown in Figure 2-8.

Figure 2-8: Plot showing distributed element parameters with HN model (a) the
resistance, RDE2 of distributed element showed no particular trend, but the overall
variations were 11% within the same values of order of magnitude (b) the exponent,
PDE2 values were below one with HN model with 5% variations before and after the
ND-seeding.
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The values for the components of the equivalent circuit shown in Figure 2-3 as
obtained from LEVMW are summarized in Figure 2-8 and Figure 2-9 show plots of R1,
C1 and TDE2 values, respectively, which showed a distinct trend due to DND seeding. The
values of R1 were found to decrease 57% on an average with DND-seeding at the IDEs,
while an average 3.4% increment was found in C1, which was expected due to the
capacitive nature of the DND core. The values of TDE2 show an average 72% reduction due
to DND seeding. Figure 2-8 shows the values of RDE2 and PDE2, respectively, neither
showing a significant trend due to DND seeding at the IDEs. The values of RDE2 stayed
within the same values of order of magnitude with an average 11% variations. Also, the
value of the exponent UDE2 was consistently within 1 ± 0.03; hence, to simplify the fitting
process, we fixed UDE2 to 1, resembling the Cole-Davidson model. The values of the
exponent, PDE2 could not be fixed to 1 without getting a bad fit, and it ranged between 0.82
- 0.95 with 5% variations during the fit as shown in Figure 2-8(b), which reflected no
particular trend due to DND seeding.
The equivalent circuit model values as shown in Figure 2-9, and Figure 2-10 were
then used to calculate the diffusion coefficient (Dn), the mobility of negative mobile
charged species (μn) and the dielectric relaxation time (τ) of the system. The diffusion
coefficient Dn is calculated as
.

Eq. 2-7
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Figure 2-9: Plots showing the values of (a) the geometric/bulk resistance, R1 (b) the
geometric capacitance, C1 and (c) the time constant TDE2 obtained from the fitting of
the impedance data of all the eight sensors before (blue columns) and after seeding (red
columns) on the Au electrodes with DNDs.
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Figure 2-10: Plot showing (a) the diffusion coefficient calculated from the values
of R1 in Figure 2-9(a), (b) the mobility of negative charged species μn using the
electrical mobility equation, and (c) the relaxation time τ, derived from the resistance
R1, and the capacitance C1 in Figure 2-9(a) and Figure 2-9(b), respectively.

The diffusion coefficient Dn is plotted in Figure 2-10(a). Since Dn is inversely
proportional to R1 and independent of C1, we find an incremental trend in Dn with the DND
seeding over the gold IDEs. The mobility of negative charged species, µn was calculated
using the electrical mobility equation as
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.

Eq. 2-8

is shown in Figure 2-10(b). The values of the mobility of negative dissociated charged
species doubled for all eight sensors after DND-seeding. Dielectric relaxation time τ is
calculated as
.

Eq. 2-9

is shown in Figure 2-10(c), with an average 56% reduction after DND-seeding. The values
for τ are not reflective to those of bulk water (8.2 ps at 25°C) [46], but more for surface
bound water molecules similar to those in ice (2.4 µs extrapolated to 25°C) [47].
We compared the above-calculated values to those published in the literature for
water. Prior, Lenzi et al. and Duarte et al. have studied the electrical response of ultrapure
water using two circular electrodes parallel to each other with a finite separation distance
[48, 49]. Lenzi et al. used a fractional diffusion model, where the impedance data was
segregated into low frequency regime (less than 1 kHz) and high frequency regime (greater
than 1 kHz). With two mobile charged species having equal mobility and concentration,
Lenzi et al. found anomalous diffusion to model the low frequency regime better while
ordinary diffusion fit the high frequency regime. Duarte et al. used the Poisson-NernstPlanck (PNP) model with two mobile situation with unequal motilities.
Recently, Macdonald revaluated their data using the Chang-Jaffe Poisson-NernstPlanck anomalous (CJPNPA) diffusion model (circuit H, LEVMW) with one mobile and
two mobile charge cases [42]. Macdonald found that the one mobile model fit better than
the two mobile situation with simple PNP/PNPA model. The values of the electrode
separation distance in terms of total Debye layer thickness, total concentration of the
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dissociated charged species, PNP anomalous exponent, diffusion coefficient and mobility
from these three studies are listed in Table 2-1 along with values obtained in our study.

Table 2-1: Comparison of PNPA model parameters reported previously for impedance
spectroscopy of pure water and out data using IDEs.

Data

M

No (per cm3)

ψ

μn/p
(cm /(V.s))

JRM [42]

461

3.34 × 1022

1.00

3.62 × 10-03

9.30×10-05

Lenzi [48]

10800 2.26 × 1015

0.783

5.92 × 10-05

1.52×10-06

(p)

(p) 5.50 × 10-05

2.14 × 10-3

(n) 5.50 × 10-11

15

Duarte [49] 25300 1.00 × 10

2

Dn/p (cm2/s)

1.00
(n)
2.14 × 10-9

Our data

6

3.31 × 1013

0.29 (w/o ND)
0.28 (w/ ND)

3.40 × 10-04 8.59 × 10-06
(w/o ND)
(w/o ND)
1.38 × 10-3 3.48 × 10-05
(w/ ND)
(w/ ND)

We found that the values for No, and ψ obtained in this study are relatively lower
compared to those previously reported. We believe that a direct comparison between the
values is not suitable. (1) While the previously reported values originate from experiments
with a set of parallel circular electrodes, and the charge conduction is forced through the
bulk of the water, the data obtained here is with a pair of IDEs. Also, in the case of IDEs,
the electric field is not perpendicular to the electrode surface, which will induce edge
effects and a field strength distribution along the width of the electrodes; thus, it requires
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solving the PNP anamolous diffusion atleast in two-dimensions for a reasonable
approximation as shown in Figure 2-11.

Figure 2-11: Proposed mechanism of mobility of charged species: General model of
water structuring composing of the Stern layer, the diffuse layer and the bulk, here
shown over the DND-seeded Au IDEs. The proposed pathways for mobility of charged
species are indicated with arrows 1 and 2; arrow 1 indicates the mobility of charges in
surface-bound state, and arrow 2 indicates mobility through the diffuse layer.

Further the previous reports use experimental setups with values of M much
greater than 1, while that for the present report are for M-value relatively closer to 1.
Also the separation distance is comparable to the width of the electrodes. The value of ψ
being low compared to 1 (which corresponds to PNP model for diffusion through bulk)
also indicates a surface-bound pathway for motion of the charges.
Overall, our impedance spectroscopy and equivalent circuit modeling suggests that
the highly disperse seeding of 5 nm average wide DNDs at IDEs results in (a) a significant
drop in R1, (b) a minor increase in C1, (c) a ψ-value significantly lower than 1, (d) a
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significant drop in dielectric relaxation time, and (e) a significant increase in diffusion
coefficient and mobility of charge carriers, but (f) no drastic change in the charge carrier
density. In consistency with these findings, we propose that the DNDs enhance the motion
of charged species between the two electrodes of the IDE pair through either (1) a surfacebound state or (2) the diffuse layer as shown in Figure 2-11. In mechanism (1), the
negatively charged ions that are adsorbed on the silica and gold surfaces will be motile, but
restricted to the surface. These ions may be native hydroxyl groups of the surface, sulfate
ions left over from piranha cleaning, or carboxyl ions from carbon dioxide dissolved from
the atmosphere. The addition of DNDs with a positive zeta potential will reduce the surface
potential, and the force holding these adsorbed ions; this will result in increased mobility
of the surface-bound charges, higher diffusion coefficient, and lower R1.
In mechanism (2), due to the distance between the electrodes being comparable to
the thickness of the Debye layer, and the co-planar orientation of the electrode surface, the
charged ions within the diffuse layer are the mobile charged species responsible for
electrical conduction. The Debye layer thickness stays constant with or without DNDs.
However, the addition of the DNDs to the IDE surface reduces the effective surface
potential, and thus, the electrostatic force holding these mobile charged species in the
Debye layer, and increase the mobility of the charges in the diffuse layer. This accounts
for the higher diffusion coefficient, and lower R1. Furthermore, the addition of DNDs
reduces the dielectric relaxation time (τ) as shown in Figure 2-10(c), indicating the water
molecules in the bound state in mechanism (1) or (2) are more free compared to when
without DNDs. The mobility of surface-adsorbed ions can be expected to be typically on
the order of 10-4 cm2/V-s [50]. Hence, we believe that mechanism 2 is dominating and
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explains the high mobility obtained at IDEs and it’s tuning due to DND seeding at the
IDEs.
2.4

Conclusion

In summary, we have investigated the effects of DND seeding on a microfabricated
IDE pair using impedance spectroscopy in pure water. The impedance data was modeled
using LEVMW to fit a simple equivalent circuit accounting for the geometrical resistance
of the cell in a series with a distributed element for Havriliak-Negami dielectric relaxation
model parallels with the geometrical capacitance of the cell, while simultaneously solving
for the PNP model with anomalous diffusion of the charged species between two partiallyblocking conducting electrodes. The PNPA Diffusion model does not predict the sign of
the charged species or whether it is a one-mobile or two-mobile case; however, the overall
density of charges is found to stay within the same values of order magnitude as 3.31 x
1013 per cm3. Equivalent circuit modeling shows that the Havriliak-Negami model reduces
to the Cole-Davidson model, seeding the DNDs with a positive zeta potential as the IDEs
reduced the geometrical resistance by ~57%, and the time constant for the HavriliakNegami distributed element by ~72%, while increasing the geometrical capacitance by
~3.4%.
This results in higher diffusion coefficients of the charged species, higher charge
mobility, and reduced dielectric relaxation time constant. The overall diffusion coefficients
and mobility are higher at IDEs compared to those previously reported for conventional
electrochemical cells. The high mobility at IDEs can be explained by the participation of
the ions from the diffuse ion layer. We propose that seeding DNDs with a positive zeta
potential reduces the surface potential of the gold, and the oxide surfaces, and thereby
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reduces the electrostatic force acting on the diffuse ion cloud and increases the mobility of
the charge carriers within.
In this study, we explored charge transport mechanism with and without
nanodiamond. With nanodiamond, the mobility is increasing at the diffused layer region.
That means charged species will be faster in the presence of external electrical field with
nanodiamond seeded device. Moreover, the relaxation time was reduced. This statement
infers that the charged species will take less time to be in order of the external field with
nanodiamond. The response time for the external electrical field will be reduced.
Furthermore, we obtained higher diffusion co-efficient value with nanodiamond. So, with
nanodiamond, the rate of diffusion of charged species will be higher; the charged species
will move faster in the diffusion process. All of the above findings imply the faster transport
of charges in the solution with the change in external electrical field using nanodiamond.
Using nanodiamond, we demonstrated that we can obtain faster transport properties that
will lead faster sensitivity or switching speed in any sensing or processing applications.

FEW-FLAKES REDUCED GRAPHENE OXIDE SENSORS FOR
ORGANIC VAPORS WITH A HIGH SIGNAL-TO-NOISE RATIO

3.1

Introduction

Nanomaterials, such as graphene [51-55], carbon nanotubes [56, 57], nanowires
[58, 59], and transition metal dichalcogenides [60, 61], due to their outstanding electrical
and chemical properties, have received great attention to build gas sensors with high
selectivity, repeatability, and signal-to-noise ratio (SNR). Of all of these, graphene oxide
(GO) and its reduced form (rGO) have received great attention due to their relatively low
cost and ease of manufacturing. GO, which has been primarily reported to be prepared by
Hummer’s method [62], or its variations, consists of a disrupted sp2-hybridized network
unlike graphene, and thus, it is electrically insulating. Many reduction processes, including
chemical [63-66], thermal [67], and electrochemical [68] processes, have been
demonstrated to partly recover the hexagonal sp2 network in GO films by removing
oxygenated functional groups [69, 70]. It is believed that the doping of the graphene plane
with the gas molecules induces a change in the resistivity of the sensor.
Robinson et al. have demonstrated that reduction of spun coat GO (0.5–3 mg/mL
water) using hydrazine hydrate vapor (100°C) for a longer time (24 h) is the key to
improving sensitivity (% change in conductance) to acetone vapor injections (250 ppm, 5
s)

[71].

The

detection

of

dinitrotoluene,
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2-chloroethylethylsulfide,

and
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dimethymethylphosphonate in parts per billion (ppb) was shown to be feasible. Similarly,
Lu et al. have shown that a thermal reduction (200°C, 1 h) of drop-casted GO solution (0.3
mg/mL) induces a higher detection sensitivity to ammonia and nitrogen dioxide [72]. A
subsequent study by them reports that a higher level of reduction can be achieved by the
chemical method (hydrazine mono-hydrate in solution phase for 12 h at 80°C), which thus,
improves the detection sensitivity to ammonia and nitrogen dioxide [72]. Dua et al. have
also shown that a mild and greener process, such as the ascorbic acid-mediated reduction
of GO (80°C, 1 h), results in sensors with similar electrical properties to those obtained via
the hydrazine reduction method [73]. The detection of nitrogen dioxide and chlorine gas
was demonstrated from 500 ppb to 100 ppm using inkjet-printed GO sensors on polyethylene terephthalate substrates using a solvent evaporation process (dynamic vacuum,
60°C, 12 h). Unlike the findings above, we observe that the reduction of GO reduces the
noise, but also reduces the signal to fast pulses (2 s) of acetone vapor injections, leading to
no enhancement in signal-to-noise ratio (SNR). We find that a solvent-mediated exfoliation
of the reduced films is important to improve the SNR.
Furthermore,

drop-casting

(solvent-evaporation),

spin

coating,

and

dielectrophoresis (DEP) have been prevalent methods for preparing GO-based gas sensors
[74-77]. Li et al. [78] have shown that DEP (10 V peak-to-peak, 10 kHz) results in ordered
conductive channels between electrodes in comparison to GO deposition via solvent
evaporation (25°C, 1 atm). Wang et al. have demonstrated an optimization of DEP voltage,
frequency, and process time to fabricate a highly sensitive hydrogen gas (200 ppm) sensor
[79]. In this paper, we also show that DEP is a better choice for preparing volatile organic
vapor sensors.
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3.2
3.2.1

Methodology and Materials

Device Fabrication
The fabrication of devices has been described in detail previously [27, 80]. Briefly,

devices were fabricated on a silicon wafer (525 ± 25 μm thick, 1–10 Ω.m) with a 280 nmthick thermal oxide. The layer is 25 nm-thick Cr, and a 200 nm-thick Au layer as shown in
Figure 3-1.

Figure 3-1: (a) Image of the chip with a 3 × 3 array of IDEs. (b) Exploded view of the
IDE fabricated on a silicon/silicon dioxide substrate consisting of a Cr/Au IDE pair
coated with an oxide layer. (c) Depiction of the non-uniform electric field applied
horizontally during DEP deposition of GO. (d) Image of the test setup with a gas outlet
positioned at a fixed distance over a selected IDE. (e) Image of the measurement setup,
where IDE arrays were electrically connected through a high-density card edge
connector to CompactStat® (Ivium Technologies, Eindhoven, the Netherlands) for
amperometric detection. (f) Sample sensor response to acetone vapor injection and
graphical illustration of how Isignal, Iinitial, and Imin were measured. PC: personal
computer.

Each chip consisted of a 3 × 3 array of IDE pairs, where each pair consisted of
sixty-five fingers, each 2.5 mm long, 9 μm wide, and spaced 9 μm apart. A 300 nm-thick

35
insulating oxide layer was deposited by plasma-enhanced chemical vapor deposition. The
IDEs were then exposed by opening circular windows (1.3 mm diameter) in the insulation
layer using photolithography and buffered oxide etching. The silicon wafer was then diced
to obtain individual devices as shown in Figure 3-2.

Figure 3-2: Cross-sectional schematic diagram of the graphene oxide vapor sensor on
Si/SiO2 substrate. Graphene oxide was coated on interdigitated electrodes using solvent
evaporation and dielectrophoresis process. Electrodes were patterned through e-beam
evaporation and lift-off process with Cr/Au. Using hydrazine hydrate reduction process,
the graphene oxide films were reduced. Sonication exfoliation process in acetone was
demonstrated later for higher sensitivity.

3.2.2

Graphene Oxide Deposition
An aqueous GO dispersion (500 mg/L) with a content ratio of carbon to oxygen of

79% : 20% (measured by “5800 ESCA System” X-ray Photoetectron Spectroscopy or XPS
(Physical Electronics, Inc., Chanhassen, Minnesota, USA) was produced via Hummer’s
method [62]. GO was deposited across IDEs via the solvent evaporation method or the
DEP method. GO solution was always mixed for a minute via vortexing prior to use. For
solvent evaporation, a 2 μL droplet of GO solution was allowed to evaporate for 10 min at
room temperature; the residual solution was blown off the chip with a gentle nitrogen
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stream, and the chip was baked at 60°C for 5 min to reduce moisture. For a simple dielectric
homogeneous sphere having radius (r) in a medium with permittivity ε m , the DEP force
can be expressed as

r
r
r
FDEP = 2π (r )3 ε m Re | κ (ω ) | ⋅∇Ε 2 .

Eq. 3-1

r

where ω is the angular frequency of the applied field, E is the complex applied electric
r

field (as shown in Figure 3-1(c)), and ( Re | κ (ω ) | ) is the real part of the Clausius–Mossotti
r

(CM) factor, κ (ω ) . The latter term can be expressed as

ε p −εm
3(ε mσ p − ε pσ m )
r
+
Re(κ (ω )) =
2
ε p + 2ε m τ MW (σ p + 2σ m ) 2 (1 + ω 2τ MW
)
where ε p and

Eq. 3-2

ε m are the real part of permittivity, σ p and σ m are the conductivity for the

dispersed particle and the medium, respectively, and

τ MW

is the Maxwell–Wagner charge

relaxation time. The latter term can be expressed as

τ MW =

ε p +εm
.
σ p + 2σ m

Eq. 3-3

In this study, for aqueous dispersed GO solution, the dielectric particles GO
(conductivity, σ p = 300 S/cm, ε p = 3.5ε o [81, 82]) were suspended in the aqueous medium:
water (conductivity,

σ m = 1 S/cm, ε m = 80ε o

[42, 80]), where ( ε o ) is the permittivity of

vacuum. For a DEP frequency lower than 5 × 105 Hz, the second term in Eq. 3-2 plays a
significant role and leads to a positive CM factor, whereas at a DEP frequency greater than
1 × 1013 Hz, the second term in Eq. 3-2 becomes negligible and the CM factor turns
negative. For DEP deposition of GO film, a 20 V peak-to-peak, 1 MHz square wave signal
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was applied for 10 min using a signal generator (Syscomp WGM 201, Ontario, Canada);
this setting has been found to be optimal for conformal coatings in prior studies [74, 77,
81]. Following this, the droplet was blown off the chip using a gentle nitrogen stream and
the chip was baked at 60°C for 5 min to reduce moisture.
3.2.3

Reduction of GO
GO reduction was carried out by placing GO-deposited chips next to a vial

containing 50 μL liquid hydrazine hydrate (reagent grade, 50% – 60%, MW = 32.05 g/mol,
Sigma-Aldrich®, St. Louis County, Missouri, USA) inside a glass jar, which was heated to
100°C for times varying from 30 min to 5 h.
3.2.4

Sensing Circuit Setup
The GO-sensing microarrays were electrically connected using a high-density card

edge connector (Sullins GBB10DHLD, Digi-Key Electronics, Minnesota, USA) to
CompactStat® (Ivium Technologies, Eindhoven, the Netherlands) for amperometric
detection. The working electrode and the sense electrodes on the CompactStat were short
circuited, and the reference lead short circuited to the counter. The vapor injector outlet
was held with a holder over a selected sensor as shown in Figure 3-1(d), where a fixed
spacing of 1 mm was maintained between the IDE and the vapor outlet for every
measurement. Acetone headspace was sampled, diluted as needed, and injected using a 10
mL glass syringe as shown in Figure 3-1(e).
3.2.5

Sensor Signal Characterization
Sensor responses were measured through amperometric detection, where a constant

DC voltage (V) was applied across an IDE pair over a fixed amount of time, and the
corresponding electric current response was measured with a sampling frequency of 100
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Hz. The humidity during our testing ranged from 45% to 55% relative humidity (RH) at
20 – 22°C. An increase in resistance was observed upon exposure to acetone. This is
because electrical conduction in graphene in an ambient environment under no gating
effect is primarily due to holes, and the lone pair of electrons from the oxygen atom in
acetone causes electron–hole recombination, resulting in an increase in resistance [83].
Figure 3-1(f) shows a sample response obtained from a sensor and its various aspects used
in calculating the Response (%). Iinitial was calculated as the average current until sensor
response was discernable (SNR > 3). Imin was calculated as the minimum value current
recorded during the response. Isignal was calculated as (Iinitial - Imin). The amplitude of noise
current (Inoise) was defined as the standard deviation among current values recorded for 5 s
prior to the signal. SNR was defined as Isignal/Inoise. Rinitial and Rresponse were calculated as
 Rinitial − Rresponse 
 × 100 .
R
initial



V/Iinitial and V/Imin. Response (%) was calculated as 

3.3
3.3.1

Results and Discussion

Impact of Dielectrophoretic Deposition of GO
First, we compared the GO sensors obtained via solvent evaporation (drop casting)

and sensors coated with DEP in terms of their morphology and their sensing performance.
The sample microscope images shown in Figure 3-3 show that the solvent evaporation
method results in a discontinuous and random deposition, while films deposited with DEP
look continuous and uniform. In our past experience, we have found a significant variation
in the microstructure and hence, the electrical property of interdigitated electrode (IDE)
pairs [27, 80, 84]. The GO was completely removed via oxygen plasma (Technics parallel
plate reactive-ion etching (RIE), 100 W, 20 standard cubic centimeters per minute (SCCM)
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O2, 1 min) and acetone-IPA rinse, new GO film was coated using DEP, and Response (%)
was recorded to acetone vapor pulses as shown in Figure 3-3.

Figure 3-3: Optical microscope images of graphene oxide (GO) films deposited via (a)
the solvent evaporation method; and (b) the DEP method. Response (%) is the
percentage variation of the electrical resistance from GO-coated sensors as a function
of direct current (DC) voltage (V) when exposed to 2 s acetone vapor (partial pressure,
P/Po = 0.2, 25°C, 1 atm.) pulses in two independent experiments (c and d). The error
bars represent the maximum and minimum values of Response (%) obtained from five
vapor pulses.

The Response (%) recorded for two different IDE pairs. In both experiments, GOcoated with DEP led to a higher Response (%) compared to solvent evaporation. To test if
Joule heating altered the latter finding, the bias voltage applied to the sensors during testing
was varied from 10 mV to 400 mV. We found that regardless of the bias voltage, sensors
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coated with DEP produced a far superior response. Thus, GO was coated using DEP for
the rest of the study.
3.3.2

Impact of Hydrazine Vapor-Assisted Reduction of GO
Next, we investigated the effect of GO reduction using a hydrazine vapor treatment

similar to that reported by Robinson et al. [71]. Three GO sensors (S1, S2, S3) were tested
and Response (%) was recorded as a function of the bias voltage as shown in Figure 3-4.
The first sensor (S1), with an average resistance of 3303 Ω and without any reduction,
showed a response of around 8% to acetone pulses. After 30 min of reduction, the average
resistance for the first sensor dropped to 218 Ω, clearly indicating the reduction of GO;
however, the response to the acetone pulses dropped to below 1%. Likewise, two more GO
sensors (S2 and S3) were tested as shown in Figure 3-4(b, c). On average, about a 23-times
lower Response (%) was obtained after 5 h of reduction. The drop in resistance with
increased reduction time can be explained by the restoration of the π network in the GO
films; however, the drop in the Response (%) with increased reduction can only be
explained by the reduced acetone adsorption at electrically active sites.
Furthermore, a variation of sensor bias from 10 to 400 mV during testing showed
a similar Response (%) and hence, a negligible effect of any Joule heating on sensor
operation. The effect of reduction on gas sensor Response (%) obtained from our
experiments agree with those reported by Prezioso et al. [85], but are contrary to those
reported prior by Robinson et al., Dua et al., and Lu et al. Optical microscopy studies of
the GO films pre and post reduction indicated no changes in the film morphology as shown
in Figure 3-5(a, b). The rGO sensors were tested post reduction without exposure to a
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solvent wash. We found that we could remove the majority of the rGO flakes, leaving
behind a few thin flakes abridging the IDE pairs as shown in Figure 3-5(c).
We studied the structural changes for the as-deposited GO, rGO, and the few-flakes
rGO using Raman spectroscopy as shown in Figure 3-5(d–f). The peak analysis is
presented in Table 3-1. The Raman spectrum of the films was characterized by the firstorder region (up to 2000 cm−1) fitted by two Lorentzian curves: the G-band observed at
1606 cm−1 and the D-band at 1341.9 cm−1. The second-order Raman peaks were fitted to
three Lorentzian curves: the 2D-band observed at 2682.2 cm−1, the S3 or (D + G) band at
2959.9 cm−1, and the C–H mode stretching band at 3186.6 cm−1. Next, we subjected the
rGO sensor S3 from Figure 3-4 to sonication in acetone for 5 min, followed by a quick
rinse with isopropyl alcohol and deionized (DI) water, and drying under a gentle stream of
nitrogen.
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Figure 3-4: Effect of chemical reduction on a GO sensor’s response to 2 s of acetone
vapor pulses (P/Po = 0.2, 25°C, 1 atm). Plot of Response (%) versus DC bias for three
different GO sensors (a–c), before and after a hydrazine vapor-assisted reduction for
varying times. (a) Response (%) from sensor S1 without any reduction (open squares),
and after 30 min of reduction (open circles); (b) Response (%) from sensor S2 without
any reduction (open squares), after 30 min of reduction (open circles), after 1 h of
reduction (open triangles), and after 3 h of reduction (open diamonds); (c) Response
(%) from sensor S3 without reduction (open squares), after 3 h of reduction (open
circles), and after 5 h of reduction (open triangles). The error bars represent the
maximum and minimum values of Response (%) obtained from five vapor pulses.
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The G-band corresponds to the high frequency first-order scattering of E2g phonon
of sp2 carbon atoms [66, 86]. The D-band peak is due to the breathing modes of six atoms
rings [86], which is an indication of disorder emerging from defects such as vacancies,
grain boundaries, and amorphous carbon species [87]. The 2D-band is the D-band
overtone, and the 2D band comes, where momentum conservation is satisfied by two
phonons with opposite wave vectors as shown in Table 3-1. The S3 band is the second
order peak derived from the “one phonon” peaks of the bands D and G [88]. The reduction
of graphene oxide films has been reported by Moon et al. and Stankovich et al. to increase
the intensity ratio, ID/IG [66, 89].

Table 3-1: Peak fit results for Lorentzian curves with amplitude, peak center, and full width
at half mid-point were presented from the Raman spectra on GO, rGO, and solvent
exfoliated rGO thin film.
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Using Raman characterization (spot size 2.6 μm, 532 nm, 8.5 mW at sample), we
found a slight increase in band intensity ratio, ID/IG, from 1.01 for the as-deposited GO to
1.041 after the hydrazine vapor reduction, and 1.079 after the solvent exfoliation process.
Similarly, the G-band intensity was found to increase from 8382.5 to 31,215.9 upon
reduction, and then decrease to 17,481.5 upon solvent exfoliation. The increment in
intensities of the first-order scattering peaks (D-band and G-band) indicates a better
graphitization by decreasing the average size of the sp2 domain through the reduction
process, which lowers the oxygen content as well [90]. Upon solvent exfoliation of the
rGO, the D and the 2D peaks were found to shift to higher wavenumbers, while the full
width at half maximum was found to reduce that results in a thinner film as shown in
Figure 3-5 [91]. Scanning electron microscopy (Figure 3-6) and atomic force microscopy
(Figure 3-7) of these films verify the relatively thick nature of the as-deposited GO.

Figure 3-5: Optical image (a) of interdigitated electrodes (IDEs) with as-deposited GO;
(b) IDEs with reduced graphene oxide (rGO); and (c) IDEs with solvent-exfoliated
rGO. Raman spectra of (d) as-deposited GO; (e) rGO; and (f) solvent-exfoliated rGO.
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Figure 3-6: Scanning electron microscope (SEM) image (a–c) of IDEs with asdeposited GO; and (d–f) IDEs with solvent-exfoliated rGO.

Figure 3-7: Atomic force microscopy images of few-flakes GO on (a) the IDE; (b)
between two electrodes; and (c) on a flat piece of silicon. The label “1” indicates the
sectioning line along with the height profile that was obtained as shown below each
image.
.
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3.3.3

Impact of Solvent-Assisted Exfoliation of Reduced GO
The sensors with few flakes obtained after solvent exfoliation demonstrated a sharp

response to acetone injections as shown in Figure 3-8(c), when compared to the asdeposited (Figure 3-8(a)) and reduced (Figure 3-8(b)) states of the same sensor. For a bias
range of 10 mV to 400 mV, an average response was found to be 6.83%, which is more
than twice that obtained before reduction (2.91%) or after reduction (0.47%); however, the
average resistance of the sensor due to sonication in acetone was found to only increase
from 98 to 184 Ω, which is significantly lower resistance than that of the as-deposited GO
film (1229 Ω). This indicates that the flakes that remain after solvent exfoliation are in a
reduced state.
Most importantly, the noise of the sensor was significantly lower, thus, resulting in
a sharp signal. Repeatability, which is the ability of a sensor to represent the same value
under identical conditions, was calculated as the standard deviation in the signal current,
Isignal. We found that solvent treatment of the rGO sensor induced better repeatability,
~3.13% as shown Figure 3-8(d). Furthermore, when the partial pressure of acetone was
varied from 0.04 to 0.2, as shown in Figure 3-8(e), the Response (%) as analyzed in Figure
3-8(f) was found to be a linear function of the acetone’s partial pressure from 0.04 to 0.16,
suggesting a sensitivity of 0.29 Response (%) per partial pressure fraction. Assuming the
smallest signal can be measured with an SNR of 3, the lower limit of detection for acetone
would be a P/Po = 0.018 (25°C, 1 atm).
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Figure 3-8: Sensor current in response to 2 s of acetone vapor (P/Po = 0.2, 25°C, 1 atm)
pulses observed on GO sensor S3 (a) as-deposited; (b) after 5 h of reduction with
hydrazine vapor; and (c) after solvent exfoliation. DC bias was held constant at 400
mV. (d) Current responses to four acetone vapor pulses obtained from the solventexfoliated rGO sensor (different colored lines represent different trials). (e) Current
response to 2 s of acetone vapor pulses of varying partial pressure from the solventexfoliated rGO sensor. (f) Response (%) calculated for signals in (e) plotted versus the
partial pressure of acetone used to test response. SNR: signal-to-noise ratio.

Figure 3-9 shows the characterization of two different sensors with respect to their
as-deposited state and the reduced state: Figure 3-9(a, c) for sensor S3; and Figure 3-9(b,
d) for sensor S4. As shown in Figure 3-9(a), within the bias range of 10 to 400 mV, solvent
exfoliation of the reduced sensor S3 helped recover the sensor response that was
diminished by hydrazine reduction. Reproducibility of these findings was verified using a
new sensor S4 that was fabricated and tested in an identical manner. As shown in Figure
3-9(b) for S4, within the bias range of 10 to 400 mV, the average Response (1.14%) to
acetone pulses was found to be similar or more compared to that obtained before reduction
(0.85%), but nearly an order magnitude higher than that obtained after 5 h of reduction
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(0.13%); however, the average resistance of the sensor was found to only increase from
213 to 272 Ω, which is significantly lower than that before reduction (733 Ω). Also, similar
to sensor S3, we found that the solvent exfoliation of S4 resulted in a significant reduction
in noise. Figure 3-9(c, d) shows the SNR calculated for sensors S3 and S4 in its different
states: as-deposited, reduced, and solvent-exfoliated. The lower SNR after the hydrazine
reduction of as-deposited GO can be explained by the lower density of states. The average
SNR for the rGO sensor after exfoliation increased by an order magnitude (128.22) when
compared to before reduction (17.72) or after reduction (32.89). On sensor S4, the SNR
after GO deposition and after reduction was 6.22 and 5.54, respectively, while solvent
exfoliation increased the SNR to 42.98, which is more than an order of magnitude.
The adsorption of acetone during testing is hypothesized to occur only at the
exposed planes of the rGO. The charge carrier transport through the bulk of the rGO was
thus, not affected by exposure to acetone vapor. The sonication in the solvent led to an
exfoliation of the multi-layer rGO, leaving behind a significantly thinner film with
electrical characteristics that could then be altered significantly by exposure to acetone
vapor. To further delineate the differences in the physisorption kinetics of acetone vapor
on GO, rGO, or few-flakes rGO, we fit the sensor response to different models as shown
in Figure 3-9.
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Figure 3-9: Effect of solvent-mediated cleaning on the response of GO sensors S3 and
S4 to 2 s of acetone vapor pulses (P/Po = 0.2, 25°C, 1 atm). Response (%) (a,b) and
SNR (c,d) from two different sensors with as-deposited GO film, after 5 h of reduction
with hydrazine vapor, and solvent-mediated cleaning of the reduced GO film. (a)
Response (%) from first sensor without any reduction (open squares), after 5 h of
reduction (open triangles), and after cleaning (asterisks). (b) Response (%) from the
second sensor without any reduction (open squares), after 5 h of reduction (open
triangles), and after cleaning (asterisks). (c) SNR from the first sensor without any
reduction (open squares), after 5 h of reduction (open triangles), and after cleaning
(asterisks). (d) SNR from the second sensor without any reduction (open squares), after
5 h of reduction (open triangles), and after cleaning (asterisks). The error bars represent
the maximum and minimum values of the Response (%) and SNR.

3.3.4

Fitting Data to Langmuir Adsorption Models
The absorption of acetone on a GO or reduced GO surface during sensor response

can be modeled using the Langmuir one-site or two-site model. First, the fractional
occupancy of the adsorption sites (θ) on a GO or rGO surface was calculated as
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θ (t ) =

I max − I (t )
.
I max − I min

Eq. 3-4

where Imax and Imin are the electrical current responses while the fractional occupancy is
zero and 100%, respectively, and I(t) represents any particular current value at time t. The
fractional occupancy of the adsorption sites (θ) in the one-site Langmuir isotherm model
can be expressed as [92]

θ (t ) =
where α = 1+

1 − e ( −αβ t )

α

Eq. 3-5

.

k C
1
k
, β = a , and K = a , where C is the concentration of the adsorbate,
KC
No
kd

ka and kd are the rate of adsorption and desorption, respectively, and No is the surface
adsorbate concentration at full coverage. The fractional occupancy of the adsorption sites
(θ) in the two-site Langmuir isotherm model can be expressed as

θ (t ) =

1 − eδ t
.
eδ t
(α −
)

Eq. 3-6

α

1

k

k C

δ = β (α − ) = d (1 + a ) .
kaC + 1
No
α

Eq. 3-7

As shown in Figure 3-10(A–D), the adsorption on GO, rGO, and few-flakes GO
were found to follow the one-site Langmuir model; the parametric values associated with
this model. When sensors were operated at a 10 mV bias, the one-site Langmuir model
parameters were found to be as follows: α = 1.29 ± 0.19 and β = 4.33 ± 0.63 for GO; β =
7.41 ± 11.54 with α fixed to 1 for rGO; and α = 1.07 ± 0.13 and β = 4.13 ± 1.20 for fewflakes rGO as shown in Figure 3-10.
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Figure 3-10: Experimental adsorption data of the proportion of the surface occupied
(θ) by 2 × 105 ppm acetone headspace and the corresponding curve fits using the
Langmuir adsorption method by the rGO sensor after cleaning (A: One-site, 400 mV;
B: Two-site, 400 mV; C: One-site, 10 mV; D: Two-site, 10 mV).
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For sensors operated at a 400 mV bias, the one-site Langmuir model parameters
were found to be as follows: α = 1.28 ± 0.23 and β = 4.14 ± 1.26 for GO; β = 6.36 ± 1.59
with α fixed to 1 for rGO; and α = 1.08 ± 0.11 and β = 3.67 ± 0.47 for few-flakes rGO. The
probability values from a two-tailed t-test for α values obtained between operation at 10
and 400 mV were 0.96 for GO and 0.91 for few-flakes rGO.
Similarly, the probability values from a two-tailed t-test for β values obtained
between operation at 10 and 400 mV were 0.77 for GO, 0.95 for rGO, and 0.47 for fewflakes rGO. This indicates that the operation bias up to 400 mV does not interfere in the
adsorption of acetone. Also, we find that the β values for GO and few-flakes GO are not
statistically different, but they are statistically lower than that for rGO. This indicates that
the adsorption rate constant for rGO was higher than that for GO and few-flakes rGO; thus,
the data implies that the rGO layer has higher adhesion to acetone. The unshared two pairs
of electrons on each adsorbed acetone molecule may further result in increased noise
characteristics, such as those observed in our experiments with rGO sensors. The value of
α was slightly higher (statistically insignificant) for GO than that for rGO or few-flakes
rGO, indicating what may be a comparatively higher desorption rate constant on GO. This
indicates that restoring the sp2 network of GO may be responsible for the slow desorption
of acetone as shown in Table 3-2.
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Table 3-2: Curve fit parameter values with errors on adsorption data using the Langmuir
one-site isotherm model.
Sensor

Washed
rGO

Washed
rGO

As
deposited

As
deposited

rGO

rGO

Data

One-site 400 mV
Adsorption

One-site 10 mV Adsorption

One-site 400 mV
Adsorption

One-site 10 mV Adsorption

One-site 400 mV
Adsorption

One-site 10 mV Adsorption

Trial no.

α

β

α-error

β-error

1

1.000

4.230

0.007

0.220

2

1.187

3.567

0.011

0.112

3

1.221

2.970

0.010

0.122

4

1.000

3.919

0.008

0.116

5

1.000

3.681

0.008

0.113

1

1.068

6.203

0.017

0.314

2

1.000

3.635

0.007

0.088

3

1.000

3.384

0.008

0.105

4

1.000

4.111

0.007

0.109

5

1.294

3.296

0.010

0.147

1

1.158

6.259

0.021

0.368

2

1.218

3.067

0.022

0.204

3

1.523

4.014

0.024

0.457

4

1.523

4.014

0.047

2.080

5

1.000

3.349

0.135

0.158

1

1.566

3.643

0.080

0.516

2

1.161

4.193

0.044

0.438

3

1.161

4.193

0.044

0.043

4

1.142

5.371

0.150

1.530

5

1.431

4.258

0.088

0.686

1

1.000

6.199

0.414

1.119

2

1.000

4.015

1.156

0.565

3

1.000

7.244

0.077

1.839

4

1.000

6.036

0.608

2.623

5

1.000

8.295

0.575

0.847

1

1.000

0.770

0.005

0.357

2

1.000

3.342

0.932

1.167

3

1.000

2.946

1.981

0.574

4

1.000

2.021

54.712

58.248

5

1.000

27.973

0.216

7.221
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3.3.5

Fitting Data to Single Exponent and Double Exponent Models
Prior reports have also characterized sensor responses to single exponent and

double exponent models [93]. Likewise, we also modeled acetone adsorption and
desorption using the sensor response and recovery signal, respectively, and fit it to both the
single and double exponent models. The absolute response of the sensor was calculated as

I (t ) − I o
I o , where I is the average current value until the sensor starts to respond, and I(t) is
o
the current value for any particular time, t. For the adsorption mechanism, the single
exponent and the double exponent model can be expressed as

exp(t )1 = a × (1 − e

t −t o
τ

t −t o1

exp(t ) 2 = a1 × (1 − e

τ1

Eq. 3-8

).
t −t o 2

) + a 2 × (1 − e

τ2

)

Eq. 3-9

where exp(t)1 and exp(t)2 represent the single exponent and the double exponent adsorption
models, respectively; a, a1, a2, to, to1, and to2 are the constants; and τ, τ1, and τ2 are the
corresponding time constants. Figure 3-11 (A–D) shows that the adsorption on GO, fewflakes rGO, and rGO sensors follows the single exponent model. Table 3-3 shows that the
time constant values were more consistent and the fitting errors for the time constants were
lower than that of the double exponent model. The best fit we obtained using the single
exponent model for few-flakes rGO (400 mV: τ = 0.24 ± 0.02, 10 mV: τ = 0.24 ± 0.05).
The GO data fit with significant error (400 mV: τ = 0.32 ± 0.23, 10 mV: τ = 0.16 ± 0.04).
The noisy data for rGO made it difficult to fit either exponent models (400 mV: τ = 155.29
± 259.91, 10 mV: τ = 347 ± 648). The high error of fit prohibits us from making a
comparison of the time constants for adsorption as shown in Figure 3-11.
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Figure 3-11: Experimental adsorption data of the responsiveness by 2 × 105 ppm
acetone headspace and the corresponding curve fits using the single and double
exponent adsorption method by the rGO sensor after cleaning (A: single exponent, 400
mV; B: double exponent, 400 mV; C: single exponent, 10 mV; D: double exponent, 10
mV).
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Also, a direct comparison of the time constants with those reported in the literature
is not appropriate because most of the articles report time constants for a longer duration
of exposure, while in our case we expose the sensor to 2 s of pulses. Regardless, a time
constant of 0.24 ± 0.02 for the few-flakes rGO indicates its potential for application as a
gas chromatography detector. Also, we did not see a statistically significant difference in
the time constants for the few-flakes rGO sensor operated at 10 and 400 mV, which
indicates similar adsorption kinetics at 10 and 400 mV sensor biases and no effect of Joule
heating. Desorption of acetone was also modeled by the recovery part of the signal using
the single exponent and the double exponent models as

exp(t )1 = a × (e

t −t o
τ

t −t o1

exp(t ) 2 = a1 × (e

τ1

Eq. 3-10

).
t −to2

) + a 2 × (e

τ2

).

Eq. 3-11

Figure 3-12(A–D) shows that desorption on the GO, rGO, and few-flakes GO
sensors follows the single exponent model. Table 3-4 shows that the time constant values
were more consistent and the fitting errors for the time constants were lower than that of
the double exponent model. The best fit we obtained using the single exponent model for
few flakes rGO (400 mV: τ = 0.24 ± 0.04, 10 mV: τ = 0.36 ± 0.08). The GO data fit with
significant error (400 mV: τ = 0.66 ± 0.38 after excluding a couple of runs, 10 mV: τ = 0.26
± 0.06) as shown in Figure 3-12, Table 3-3, and Table 3-4.
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Figure 3-12: Experimental desorption data of the responsiveness by 2 × 105 ppm
acetone headspace and the corresponding curve fits using the single and double
exponent desorption method by the rGO sensor after cleaning (A: single exponent, 400
mV; B: double exponent, 400 mV; C: single exponent, 10 mV; D: double exponent, 10
mV).
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Table 3-3: Curve fit parameter values with errors on adsorption data using the single-site
and double-site exponent model.

Sensor

Washed
rGO

Washed
rGO

As
deposited

As
deposited

rGO

rGO

Data

400 mV
Adsorption

10 mV
Adsorption

400 mV
Adsorption

10 mV
Adsorption

400 mV
Adsorption

10 mV
Adsorption

Single-exponent

Double-exponent

Trial
no.

τ

τ-error

τ1

τ1-error

τ2

τ2-error

1

0.191

0.004

0.157

0.037

213.257

10402600

2

0.267

0.007

0.165

0.029

241.469

136439

3

0.220

0.005

0.250

0.033

2.189

7.9862

4

0.276

0.009

0.175

0.030

0.243

3153900

5

0.252

0.008

0.203

0.077

0.373

908

1

0.263

0.005

0.1025

0.018

4.790

417635

2

0.365

0.008

0.2259

0.037

66.349

1278000

3

0.471

0.016

0.2472

0.044

53.798

2460130

4

0.314

0.008

0.2074

0.014

74.278

2953190

5

0.383

0.012

0.1500

0.009

19.333

1705870

1

0.540

0.232

0.151

0.02

0.271

11.23

2

1.083

0.329

0.256

2346.06

0.250

2258.14

3

519

181407

0.131

0.01

0.298

13.31

4

0.351

0.078

0.368

2544.82

0.285

2726.98

5

14.568

512.670

0.706

0.24

0.290

2523.23

1

0.282

0.038

0.175

0.021

0.050

2598.960

2

0.283

0.020

1.542

10.044

0.131

0.064

3

0.323

0.028

0.165

63.548

0.169

0.912

4

0.174

0.015

0.076

0.034

3.988

105.774

5

0.238

0.034

0.086

0.028

1484.311

4.62E+06

1

704.455

131258

0.800

70459.1

0.023

19127.500

2

264.537

15703

0.124

17.9

0.047

17.124

3

1.897

2.222

0.031

2012.2

0.632

2.375

4

249.032

40916

200.237

913774.0

0.103

6.371

5

644.594

338594

125.869

279845.0

1.519

145.942

1

26665

3610000

58.519

327170

0.037

0.895

2

163

48603

0.009

21523

2.293

32.789

3

221

64921

5848.846

2401530

0.713

0.172

4

296

140268

16.319

25568

1.097

167.708

5

440

160870

-0.828

20424

1.044

14580
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Table 3-4: Curve fit parameter values with errors on desorption data using the single-site
and double-site exponent model.

Sensor

Washed
rGO

Washed
rGO

As
deposited

As
deposited

rGO

rGO

Data

400 mV
Desorption

10 mV
Desorption

400 mV
Desorption

10 mV
Desorption

400 mV
Desorption

10 mV
Desorption

Trial
no.

Single-exponent

Double-exponent

τ

τ-error

τ1

τ1-error

τ2

τ2-error

1

0.191

0.004

0.123

0.011

1.043

0.810

2

0.267

0.007

0.086

0.003

0.608

0.033

3

0.220

0.005

0.105

0.005

0.667

0.083

4

0.276

0.009

0.044

0.001

0.440

0.007

5

0.252

0.008

0.094

0.007

0.861

0.171

1

0.263

0.005

0.2627

0.005

-0.113

12.325

2

0.365

0.008

0.2949

0.060

-21.536

1172.8

3

0.471

0.016

0.2334

0.055

-32.175

914.3

4

0.314

0.008

0.1666

0.011

-329.27

38002.1

5

0.383

0.012

0.1739

0.015

-1438.57

569988

1

0.540

0.232

-9.086

96918

0.678

104.754

2

1.083

0.329

0.380

28.0248

0.425

29.2482

3

519

181407

377.715

296607.0

0.646

6.870

4

0.351

0.078

7.906

28178.4

1.490

804.08

5

14.568

513

58.430

0.4598

5.737

1461.02

1

0.282

0.038

-11.092

21558.3

-5.755

5937.15

2

0.283

0.020

0.283

155.5

0.283

763.643

3

0.323

0.028

4345.375

3.26E+05

0.316

3.388

4

0.174

0.015

644.483

1.33E+06

0.119

1252.23

5

0.238

0.034

0.141

1253.230

16.237

5.42E+03

1

704.455

131258

169.691

1168770.0

159.151

1662960

2

264.537

15703

88.191

138521.0

87.624

134981

3

1.897

2.222

3.583

257387.0

2.435

61647

4

249.032

40916

380.770

2081570.0

89.227

2131560

5

644.594

338594

12.578

6063.7

1.623

271

1

26665

3612080

27671

7120980

1.255

2369

2

163

48603

49

284271

3.641

2394

3

221

64921

-38820

530520000

63.951

19584

4

296

140268

-36929

438699000

80.739

14074

5

440

160870

2

114

793.430

1436450
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The noisy data for rGO made it difficult to fit either of the exponent models (400
mV: τ = 428.31 ± 286.38, 10 mV: τ = 280 ± 119.76; one run excluded in each case). We
noticed that the time constant for the response and the recovery part of the signals on the
few-flakes rGO was similar when operated at 400 mV (0.24 ± 0.04 vs 0.24 ± 0.02);
however, the recovery was seen to be slower than the response at 10 mV. This may be
attributed to the Joule heating effects of sensor bias.
3.4

Conclusion

In summary, our report provides important practical findings in the process of
creating GO-based volatile organic compound sensors for pulsed injections, such as those
found in gas chromatography. Principally, we show the following. First, a direct
comparison of sensing response from GO deposited via DEP and solvent evaporation. Two
sensors prepared with DEP on average showed 3 – 4 times the Response (%) that was
demonstrated using solvent evaporation. Second, the impact of chemical reduction using
hydrazine hydrate vapors on Response (%) and SNR. Although with an increased duration
of chemical reduction, the resistance of the three different sensors was seen to decrease, in
contrast to prior journal reports, the Response (%) to acetone pulses was found to decrease
with an increased duration of chemical reduction, while the SNR remained the same. Third,
by sonication exfoliation in acetone, we exfoliate the graphene films leaving behind only
a few flakes on the sensor. This few-flakes rGO sensor produces a higher sensor Response
(%) (6.83% versus 0.34% without solvent exfoliation) with a higher SNR (130 versus 20
without solvent exfoliation) and good repeatability (Standard deviation in Response (%)
was ~3.13%).
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Furthermore, the Response (%) was quantifiable with respect to acetone vapor
pressure. Fourth, the current response and recovery upon exposure to 2 s of acetone pulses
followed the single exponent model and not the double exponent model, while the current
response part also followed the one-site Langmuir model and not the two-site Langmuir
model. This indicates that mostly one type of interaction between the acetone molecules
and the rGO lattice was responsible for the current response observed from the short
acetone pulses. Although the present results pertain to the detection of acetone, the sensors
also showed a response to other organic vapors, such as methanol, ethanol, isopropanol,
and chloroform. We believe our study introduces an improved way of making GO-based
sensors and a further understanding of their operation behavior as enhanced volatile
organic compounds sensors uniquely suited for applications in high resolution portable
instruments, such as micro gas chromatographs.

ENHANCED IONIC SENSITIVITY IN SOLUTION‐GATE D
GRAPHENE‐H E X AGONA L BORON NITRIDE FIELD‐E FFE CT
TRANSISTORS

4.1

Introduction

Over the past four decades, ion sensitive field-effect transistors (ISFETs) have been
researched and commercialized as a label-free electrical sensing architecture for detecting
ions [94, 95], small molecules [96-98], proteins [99, 100], viruses [101, 102], and bacteria
[103]. Designs integrating novel materials, operation modalities, and capture probes with
better sensitivity and selectivity continue to be reported. Graphene, due to its chemical
inertness and atomic-scale thickness, became a material of interest to form the channel
region in solution-gated ISFETs. The atomic-scale thickness of graphene provides extreme
confinement of the charge carriers, and more sensitivity to graphene-device interfaces
[104-106]. This makes graphene ideal for the highly sensitive detection of the Debye layer
modulation within an ISFET [107-109]. However, this also makes graphene vulnerable to
the interaction of the underlying substrate with the solution and the substrate ends up
playing a significant role in the charge carrier transport in the graphene. Typically,
graphene devices are fabricated on SiO2 [110-112] or SiC [113], where device performance
is limited by graphene-dielectric interfaces due to charge trapping [114, 115], high charge
impurities [116, 117], Coulomb surface charge scatterings [118, 119], dielectric layer
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roughness [120], and surface optical phonons [121, 122]. As a dielectric interface, SiO2
limits carrier mobility, and increases current-voltage hysteresis [120, 123].
With a wide band gap (5.97 eV) and layered hexagonal Bernal structure (1.7%
lattice mismatch to graphene) with dangling bond-free chemically inert surface, hexagonal
boron nitride (hBN) is a near ideal dielectric interface to graphene. The goal of this study
is to investigate the graphene ISFET characteristics changed by introducing hBN under
graphene. Incorporation of hBN as a dielectric in metal-gated graphene transistors has been
shown to enhance performance by an order magnitude in terms of device mobility, reduced
carrier inhomogeneity, lower extrinsic doping concentration, reduced chemical reactivity,
and improved high-bias performance compared to devices fabricated with SiO2 under
graphene [120, 124-129]. This has been attributed to increased flatness of graphene and
opening of a band gap. Graphene has been shown to conform more to hBN than thermally
grown amorphous SiO2 [128, 130, 131]. This increased flatness aids charge homogeneity
compared to the charge puddles on the order of 10 nm with 1011 cm-2 charge variation that
have been reported with SiO2 device [61, 120, 132-134]. Unlike graphene on SiO2, using
hBN, a new set of Dirac points is opened in the valence and conduction bands at the energy,
where the periodic potential connects the k and –k bands [128]. The use of lowest-energy
lattice configuration model shows a band gap of 50 meV is opened in the graphene when
on hBN [135, 136]. Furthermore, it has been shown that the presence of hBN can aid in
heat spreading in FET device geometries; thus, reducing operating temperature [137, 138].
In this paper, we report the differences in performance of solution-gated graphene
ISFETs using thermal SiO2 and polycrystalline CVD hBN as the substrate for graphene,
which here onwards are referred to as SiO2 and hBN devices, respectively. Using solutions
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of varying concentrations of KCl and CaCl2, we characterize the changes in the transfer
curves for each of the devices in terms of Dirac voltage, transconductance, charge carrier
concentration, and mobility.
4.2
4.2.1

Methodology and Materials

Materials
Copper foils (20 µm thick) with monolayer graphene or multilayer hBN films

grown by CVD method were obtained from Graphene Labs, Inc. These CVD graphene
films with 1-10 µm grain size and mostly monolayer with 10% to 30% bilayer islands.
Poly-(methyl methacrylate) (996 kDa) was obtained from ALDRICH and it was dissolved
in anisole from Fluka to prepare a 5 (w/v)% PMMA solution. Copper etchant type CE100 was obtained from TRANSENE Company, Inc.
4.2.2

Film Transfer
A general method was used to transfer hBN and graphene films from copper to

silicon substrates as required to build the needed devices. One side of the copper foil (with
graphene or hBN) was spin-coated (1000 rpm for 10 s; 3000 rpm for 30 s) with the PMMA
solution and baked at 110°C for 5 min. We found that it was important to spin the PMMA
layer twice to keep the PMMA-hBN or the PMMA-graphene film intact after the release.
The hBN or the graphene film from the other side of the copper foil was removed via
oxygen plasma ion etching (TECHNICS MICRO Series 800 RIE, 100 W, 20 sccm O2, 20
min for hBN and 30 s for graphene). The PMMA-hBN or the PMMA-graphene film was
released by wet etching the copper foil at 60°C for 2 h. The released PMMA-protected film
was rinsed with deionized (DI) water and modified SC-II solution (H2O:H2O2:HCl =
20:1:1, 25°C, 10 min), and transferred to a Si/SiO2 substrate. Boron-doped silicon wafers
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(thickness: 500 ± 25 m; diameter: 100 mm; oxide thickness: 285 nm) were diced into the
square (1.4 cm × 1.4 cm) pieces as a substrate for the solution-gated graphene ISFET
fabrication. The transferred film was dried and flattened via spinning out the water between
the PMMA-protected film and the substrate (200 rpm for 1 min; 500 rpm for 1 min, 1000
rpm for 1 min; 2000 rpm for 10 min) and baking it on a hotplate (60°C at 5 min; 110°C for
10 min). PMMA layer was then removed by soaking in a 1:1 solution of methylene chloride
and methanol for 1 h at 25°C. Even though, the proper bonding between hBN and graphene
film was not confirmed; it might have bubbles and wrinkles in between two CVD layers as
shown in Figure 4-1.

Figure 4-1: Cross-sectional schematic diagram of the graphene field-effect transistor
on SiO2 with hBN. CVD graphene and hBN were transferred on Si/SiO2 substrate.
Electrodes were patterned through e-beam evaporation and lift-off process with Cr/Au.
Electrolytes were applied through the PDMS well. The Ag/AgCl electrode was
submerged in electrode solution as the gate electrode. The insulation layer was made
with SU-8 to isolate metal electrodes from the electrolytes. .
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4.2.3

Device Microfabrication
It was carried out in three steps: metal patterning, graphene patterning and insulator

window patterning. The metal electrodes were patterned via lift-off technique. A two-layer
resist was used. The bottom resist layer was a polymethylglutarimide based lift-off resist
(LOR 7B; MicroChem; spin program: 500 rpm for 20 s; 1000 rpm for 10 s; 3000 rpm for
50 s; soft bake: 180°C, 7 min) to protect the graphene layer from photo-initiated reactions,
undercut the top resist layer during development, and to provide good adhesion and thermal
stability. The top resist layer was a positive photoresist (S1813, MICROPOSIT, spin
program: 1000 rpm for 10 s; 5000 rpm for 50 s; soft bake: 115°C, 90 s). Patterning of the
resist was carried out using a chrome mask and a Süss MicroTec MA/BA6 (soft contact
mode; 1000 W; 20 s) and development in MF-319 (MICROPOSIT, 15 s, 25°C). The
metal layers, 25 nm Cr and 200 nm Au were deposited via electron-beam evaporation
(CHA Industries, BEC-600-RAP) and lift-off was carried out in Remover PG for 15 min
at 75°C. Using similar photolithography process, a layer of S1813 was patterned to protect
40 µm × 10 µm graphene channels and etch away the remaining graphene.
To prevent short-circuiting of the Au electrodes in the solution, a 2 µm thick
electrical insulation layer was lithographically patterned using SU-8 2002 (MicroChem;
500 rpm for 10 s; 3000 rpm for 30 s). Overall, 48 electrodes with electrode pads (each side
has 12 electrodes) were patterned on a chip as shown in Figure 4-2(b). A solution-gated
graphene ISFET consists of 4 electrodes with a 20 µm × 10 µm SU-8 window leaving a 10

µm × 10 µm graphene strip exposed to the gate electrolyte as shown in Figure 4-2.
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Figure 4-2: Device and Experimental setup. (a) Optical image of a graphene ISFET
chip in the test rig. (b) Optical image of the graphene ISFET chip (12 ISFETs on a 1.4
cm × 1.4 cm substrate) fabricated for this research. (c) Optical microscope image of the
graphene strip (40 µm × 10 µm) connected with the four metal electrode fingers covered
with 2 µm thick SU-8 insulation layer. (d) Raman spectrum of multilayer hBN exhibits
a characteristic peak at 1367 cm-1. (e) Raman spectrum for graphene shows a
characteristic D (1350 cm-1), G (1580 cm-1), and 2D (2690 cm-1) peaks. The ratio of
peak intensities, I2D/IG (> 1) implies the sample as monolayer graphene.

4.2.4

Raman Spectroscopy
Raman Spectroscopy was carried using a HORIBA Scientific XploRA™ PLUS

confocal Raman microscope equipped with a 532 nm laser, 100x, 0.95 NA objective 1200
lines/mm diffraction grating, a 300 µm slit, and a 200 µm hole. The setup achieved a beam
spot diameter of 1 µm.
4.2.5

Electrical measurement
All electrical measurements were accomplished with a probe station inside a

Faraday cage. Resistance and the transfer curves were measured using a dual sourcemeasurement unit (KEITHLEY 2636A). A polydimethylsiloxane (PDMS) well was
punched out to hold the electrolyte over the graphene strip. Electrochemical top-gate circuit
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setup was completed by immersing an Ag/AgCl electrode into the electrolyte as shown in
Figure 4-2(a). The resistance of the graphene strip was measured in air by sweeping the
drain-to-source voltage (VDS) from 0 mV to 100 mV in pulsed mode (1 ms pulse width, 50
ms time period). The pulsed mode was used to avoid significant Joule heating effects
during measurements. KCl and CaCl2 solutions of particular concentration (0.1 mM, 1 mM,
3 mM, 5 mM, 7 mM, 9 mM, 10 mM, 100 mM, and 1000 mM) were used as the gate
electrolyte in measuring the transfer curves and noise. To generate the transfer curves, VDS
was held constant at 100 mV DC across the drain and the source while sweeping the gate
voltage, VG. For each transfer curve, current noise was measured at the corresponding Dirac
point.
4.3

Results and Discussion

Figure 4-2(a-c) show details of the device’s layout and setup for characterization.
Further details have been included in the Methodology and Materials section. Graphene
and hBN were characterized via confocal Raman microscopy. As shown in Figure 4-2(d),
the multilayer hBN film was identified by the E2g phonon mode at 1367 cm-1 [139-141].
Figure 4-2(e) shows the G and D peaks for graphene around 1580 cm-1 and 1350 cm-1,
respectively due to the sp2 bonded carbons [142-144]. The G peak occurs due to the E2g
phonon at the Γ point, and the D peak due to the breathing modes of the carbon atoms in
hexagonal benzene ring activated by defects. The shift of the transfer curves are presented
as shown in Figure 4-3.
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Figure 4-3: Transfer characteristics of the solution-gated graphene ISFETs. Drain-tosource current (IDS) recorded as a function of the gate voltage (VG) with graphene on
SiO2 (a,b) and hBN (c,d), in the presence of KCl (blue lines) and CaCl2 (green lines)
solutions of varying concentrations (0.1 - 1000 mM). The drain-to-source voltage
(VDS) was held constant at 0.1 V. The color intensity of each transfer curve is a plot
darker for increasing salt concentration.

The characteristic 2D peak affected by the thickness of graphene can be seen in
Figure 4-2(e) at 2690 cm-1. The ratio of peak intensities, I2D/IG could be strongly affected
by the p-doped sample, and it decreases with the increase of the doping level as reported
in a previous study [142]. From the ratio (I2D/IG > 1), it could be inferred that the sample is
a monolayer graphene. Shifts in Dirac point with KCl, and CaCl2 are shown in Figure 4-4.

70

Figure 4-4: Drain-to-source current (IDS) recorded as a function of solution-gate
voltage (Vg) with three graphene ISFETs on SiO2 and three graphene ISFETs on hBN,
in the presence of KCl (a-f) and CaCl2 (g-l) solutions of varying concentrations (0.11000 mM). The drain-to-source voltage (VDS) was held constant at 0.1 V. Graphene
ISFETs on hBN showed the transfer curves with steeper slope (transconductance)
compared to graphene ISFETs on SiO2. With an increase in concentration of either salt,
the graphene ISFETs on hBN showed a larger shift of the Dirac point towards zero
compared to the graphene ISFETs on SiO2.
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Comparison of the transfer curves on the SiO2 and hBN devices when gated through
KCl or CaCl2 solutions of concentrations varying from 0.1 to 1000 mM. As expected, an
ambipolar behavior was seen for each transfer curve with the right part of each curve
exhibiting a p-channel MOSFET-like operation with holes as the majority carriers, whereas
the left part exhibits the n-channel operation with electrons as the majority. The left and
right parts of the curve meet at the lowest conductive point, which is known as the Dirac
point and the corresponding gate voltage is the Dirac voltage (VDirac). As shown in Figure
4-3, by increasing the concentration of either salt, the VDirac was found to shift towards zero
on the voltage scale, which is in agreement with prior reports [145-148]. Furthermore, the
drain-to-source current (IDS) was found to increase, and the transfer curves got steeper with
an increase in salt concentration. Moreover, Figure 4-3 qualitatively shows that (1) the
hBN devices showed a larger shift of the VDirac with an increase in concentration of KCl or
CaCl2, and (2) the transfer curves obtained with hBN devices were steeper. Qualitatively,
similar findings were obtained from other devices as shown by the transfer curves shown
in Figure 4-4. Figure 4-5 quantifies the relative shift in VDirac with salt concentration seen
in Figure 4-3, and compares it to that previously reported by Hess et al. [148] for their
SiO2 devices. The SiO2 devices in our study showed a monovalent ion (K+) and divalent
ion (Ca2+) sensitivity of -164 mV/decade and -57 mV/decade, respectively, which is more
than that previously reported with CVD graphene. Hess et al. reported -12 mV/decade for
Na+ and -21 mV/decade for Ca2+. Heller et al. [146] reported -42.7 mV/decade on average
for Li+ and K+ from 10 to 1000 mM range. He et al. [147] reported -61.9 mV/decade for
K+ from 1 µM to 10 mM range as shown in Figure 4-5, and Figure 4-6.
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Figure 4-5: Ionic sensitivity of the Dirac voltage. Shift in Dirac point recorded (relative
to Dirac point measured with 0.1 mM solution) as a function of KCl (a) and CaCl2 (b)
concentration with an SiO2 device (red circles) and an hBN device (blue triangles), and
its comparison with the data obtained by Hess et al. (orange asterisks). The response of
the graphene ISFETs to the change in concentration of KCl or CaCl2 can be inferred
from the slope of the trend line as shown in the graphs.

Figure 4-6: Shift in Dirac point recorded as a function of KCl (a-c) and CaCl2 (d-f)
concentration in our experiments with graphene ISFET on SiO2 and hBN, and its
comparison with data obtained by Hess et al. The response of the graphene ISFETs to
change in concentration of KCl or CaCl2 can be inferred from the slope of the trend
line as shown in the graphs.

Furthermore, the hBN devices yield even higher K+ and Ca2+ sensitivities of -198
mV/decade and -110 mV/decade, respectively, which corresponds to an increment of ~
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20% and ~ 93%, respectively. These improvements in ion sensitivity with pH were
confirmed on three sensors, each on a different chip as shown in Figure 4-7.

Figure 4-7: Dirac point, VDirac plot as a function of pH of the KCl and CaCl2 solutions
tested in Figure 4-4 and Figure 4-6. Graphs (a-f) and (g-l) show data obtained with
three different graphene ISFETs on SiO2 and hBN, respectively. It can be seen that the
VDirac did not show a trend with variation in solution pH.

A plot of the VDirac versus the solution pH in the Figure 4-7 confirms that the
observed shift in VDirac does not correspond to the minor variation in pH between salt
solutions of different concentrations. The sensitivities reported here are beyond the Nerst
limit (59.5 mV/pH at RT) that governs the thermodynamics of charged species in
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equilibrium with an interface. The sensitivities reported here are beyond the Nerst limit
(59.5 mV/pH at RT) that governs the thermodynamics of charged species in the equilibrium
with an interface. This has been shown to be feasible in previous reports [95, 149]. To the
best of our knowledge, this is the first report of improved ion sensitivity with the use of
hBN as an underlying dielectric layer for the solution-gated graphene ISFETs.
A model for the net carrier concentration (nT) in graphene as per equation (1) that
accounts for the charge carrier generation due to gating through the Debye layer (nG),
quantum capacitance (nQ), and doping (nd) was formulated as detailed in the following
section to explain the trends in the transfer curves as [150-152]
n Q + n d + n G ;

n Q + n d ;


nT = nQ + nd − nG ;

n Q ;

nQ − nd + nG ;

VG < 0
VG = 0
0 < VG < VDirac

Eq. 4-1

VG = VDirac
VG > VDirac

.

Figure 4-8 shows the expected changes in carrier concentrations with an increase
in salt concentration for one of the SiO2 and hBN device. At the Dirac point, nG is expected
to nullify nd through recombination, and nT is expected to be comprised of only thermally
induced impurity charges associated with minimum quantum capacitance. As shown in
Figure 4-8(a), for the SiO2 device gated through 0.1 mM KCl, nd (p-type) = nG (n-type) =
2.2 × 1012 cm-2 at the Dirac point (1.095 V), and nT = nQ = 1.9 × 1011 cm-2 (n-type). By
gating through 1 mM KCl instead, nd is increased (5.9 × 1012 cm-2) and the new Dirac point
(0.95 V) is defined, where nG is equal and opposite in charge as shown in Figure 4-8.
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Figure 4-8: Change in carrier concentration with salt concentration and its role in
determining the Dirac point shift. (a) Carrier concentration profile versus the gate
voltage (VG) for an SiO2 device. (b) Carrier concentration versus the gate voltage (VG)
for an SiO2 device and an hBN device. The Dirac points are marked red solid triangle
for 0.1 mM KCl on SiO2, red solid circle for 1 mM KCl on SiO2, blue solid triangle for
0.1 mM KCl on hBN and blue solid circle for 1 mM KCl on hBN. (c) Expected nd for
solution-gated graphene ISFETs with different salt concentrations on SiO2 (red solid
circle with red dotted line) and hBN (blue solid circle with blue dotted line) devices,
respectively; in both cases, the data is fit to a power law. (d) Net carrier concentration
at the Dirac point for SiO2 (in red) and hBN (in blue) devices as a function of KCl
concentration.

As shown in Figure 4-3 for each salt concentration, the Dirac point was found to
be lower for hBN devices compared to the SiO2 devices. This indicates a lower nd in hBN
devices. For example, as shown in Figure 4-8(b), gating through 0.1 mM KCl yields Dirac
points at 0.947 V and 1.095 V for one of the hBN and SiO2 devices, respectively. This
translates to a lower nd (1.9 × 1012 cm-2) for hBN device compared to the SiO2 device (2.2
× 1012 cm-2). This could be explained by the higher surface charge density present on SiO2
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compared to hBN. These values are in the range as ~1012 to 1013 cm-2 reported by Chen et
al. [145] for Kish graphite on SiO2.
Furthermore, gating through a higher KCl concentration solution (1 mM), shifts the
Dirac points to 0.74 V (22%) and 0.95 V (13%) for hBN and SiO2 devices, respectively;
model predicts that this shift is due to a smaller increase in nd at Dirac point for the hBN
device (142%) compared to the SiO2 device (168%). Figure 4-8(c) shows the nd values for
graphene ISFETs calculated as a function of KCl concentration follows a power-law, where
the exponent holds a value of 0.4, but the scaling factor is higher for SiO2 device and we
believe this is because SiO2 has a relatively higher charge density. Figure 4-8(d) compares
the net carrier concentration at the Dirac point, also known as the impurity carrier
concentration for a SiO2 device and an hBN device as a function of salt concentration. This
carrier concentration is related to the minimum quantum capacitance. The difference in
Figure 4-8(d) is a result of differing Fermi velocity accounted for graphene on SiO2 (1.15
× 106 m/s) and hBN (1.49 × 106 m/s) [153]. The transconductance and the mobility trends
are shown in Figure 4-9, and Figure 4-10.
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Figure 4-9: Transconductance (gm) calculated from the transfer curves shown in Figure
4-4. (a-d) and (e-h) show gm values when p-carriers are dominating (at Vg < VDirac) and
n-carriers are dominating (at Vg > VDirac). Graphene ISFETs on hBN showed higher gm
than ISFETs on SiO2. Also, the decline in gm with increase in salt concentration
calculated by the inverse power law as the slope in the graph was higher for graphene
ISFETs on hBN versus when on SiO2; 165% higher for KCl and 45% higher for CaCl2.
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Figure 4-10: Ionic sensitivity of transconductance and charge carrier mobility.
Comparing the change in transconductance (gm) with different concentrations (0.1 –
1000 mM) of (a) KCl and (b) CaCl2 for the hBN (blue squares) and SiO2 (red triangles)
devices.

Transconductance (gm) was calculated as the slope of the linear region for the graph
of IDS versus VG on both sides of the Dirac point (p-carrier dominant at VG < VDirac and ncarrier dominant at VG > VDirac). Figure 4-10(a-b) shows that gm decreases as a function of
salt concentration following an inverse power-law model and the hBN devices show a
higher gm. For both hBN and SiO2 devices, the exponent for inverse power-law was found
to be 0.2 and 0.1 for gating through KCl and CaCl2 solutions, respectively. However, the
scaling factor for the inverse power-law was found to be higher for graphene ISFETs on
hBN than those on SiO2; 3 times higher when gating through KCl solutions, and 4 times
higher when gating through CaCl2 solutions. Qualitatively similar findings were obtained
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from other devices as shown by the transfer curves shown in Figure 4-9. For a fixed change
in gate voltage, the change in gm, is directly proportional to the change in conductance (σ),
which is proportional to change in the product of the charge carrier mobility (µ) and nT as
shown in Figure 4-11.

Figure 4-11: Mobility (µp) of p- and (µn) of n-carriers calculated for the graphene
ISFETs (a-c), and (d-f), respectively as a function of KCl concentration (0.1 – 1000
mM), where significant improvement is reported in mobility with hBN (solid red
triangles) as a dielectric than that using only oxide (solid blue circles) layer.

The µ was calculated at the linear region of σ versus nT graph as [154] using the
following formula

 L  ∆G
µ =
.

 eW  ∆nT

Eq. 4-2

where L is the length (40 µm), W is the width (10 µm), G (= Ids/Vds) is the conductance of
the graphene channel per unit area in cm-2, and nT is the net carrier concentration calculated
as per the model. Figure 4-10(c) and Figure 4-10(d) compares the hole (µp) and electron
(µn), respectively, in hBN and SiO2 devices gated through solutions with varying
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concentrations of KCl. Figure 4-11 shows µ values calculated for all devices. The higher

µ for electrons than for holes on both hBN and SiO2 could explain the higher gm at n-side
compared to p-side. The µ values (for example µp: 797 cm2V-1s-1, 0.1 mM, KCl) as
expected are slightly smaller than that reported for mechanically exfoliated graphene from
Kish graphite by Chen et al. (hole µ of 1200 cm2V-1s-1 using 6 M 1-butyl-3methylimidazolium hexafluorophosphate (BmimPF6) as the electrolyte on SiO2 device)
[145]. Mobility (µ) decreases following an inverse power law like gm, where the exponent
was found to vary between -0.26 to -0.23 independent of the substrate. The scaling factor
for the inverse power law ranged from 1300-1600 for hBN devices and 200-460 for SiO2
devices. The µ in hBN devices was found to be 670% - 680% higher than in SiO2 devices
as shown in Figure 4-12.

Figure 4-12: (a) Plot of nT versus KCl concentration at VG = 0 V for one of the SiO2
(red circle) and hBN (blue circle) device fit to a power law model (dotted lines). (b)
Plot of nT.µ versus Vch for an hBN and SiO2 device when gated through 0.1, 1 or 10
mM KCl solution. The numbers indicates slope of the line fit to the data. Increasing the
salt concentration results in lower nT.µ and lower slope. Further, hBN devices show
higher values for nT.µ and slope compared to SiO2 devices.

81
While increasing KCl concentration (0.1 – 10 mM), we are also increasing the nT.
Figure 4-12(a) shows an example for change in nT at Vg = 0 V for increasing KCl
concentration. To understand the relative contributions of changes in nT and µ. to the
change in gm, Figure 4-12(b) shows the concentration-mobility product (nT.µ =
conductivity/e) profile as a function of channel potential (Vch). For the SiO2 device, as the
KCl solution concentration is increased from 0.1 mM to 100 mM, the slope of nT.µ versus
Vch is found to decrease from 9.3 × 1014 to 3.3 × 1014. This shows that the decrease in gm
with KCl concentration results due to the larger drop in µ compared to the increment in nT.
Furthermore, compared to the SiO2 device, the hBN device has a lower nT and a smaller
change in nT with change in Vch, but a higher µ, for example 65% lower nT and 565% higher

µ in case 0.1 mM KCl; thus, leading to an overall higher gm.
The enhancement in µ plays a vital role in increasing nT.µ as well as gm. Moreover,
compared to the SiO2 devices, the decrease in µ with KCl concentration in hBN devices is
found to be larger compared to the increase in nT; the larger ionic sensitivity of
transconductance in hBN devices could be explained by the larger drop in nT.µ for a given
change in Vch than that for the SiO2 device. Device resistance is measured at different
graphene channel length (40, 30, and 5 µm) for the three ISFETs fabricated on SiO2 and
three on hBN as shown in Figure 4-13. Using linear fitting, the contact resistance is
calculated for ISFETs on both SiO2 and hBN: we obtained the contact resistance values for
half-cell as 802, 798, and 665 Ω for ISFETs on SiO2 and 705, 821, and 866 Ω for ISFETs
on hBN, respectively.
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Figure 4-13: Contact resistance measurement. Device resistance was measured without
any electrolyte at various graphene channel length (L = 40, 30, and 5 µm) fabricated on
(a-c) SiO2 and (d-f) hBN. Using linear fitting (red dotted lines), the contact resistance
is measured from each device with and without hBN.

Furthermore, the current noise of the hBN and SiO2 devices was characterized at
the Dirac point, which is a unique point with minimum carrier concentration at minimum
channel potential to compare different transfer curves. Figure 4-12 shows the normalized
current noise density (SI/I2) for a graphene ISFETs on hBN and SiO2 were within the same
range when gated through solutions with different concentrations of KCl. Our
measurements suffered from utility power frequency (60 Hz) and its harmonic components.
The investigation of difference in noise performance for the hBN and SiO2 devices,
especially in the low-frequency regimes, is needed in the future for real-time sensing
applications.
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Figure 4-14: Noise curves comprise of drain-to-source current (IDS) as a function of
the solution-gated voltage, VG with various salt concentration (0.1 mM, 1 mM, 3 mM,
5 mM, 7 mM, 9 mM, 10 mM, 100 mM, and 1000 mM) using (a-f) KCl and (g-l) CaCl2
at a constant drain-to-source voltage, VDS = 0.1 V. Using graphene ISFET, the Dirac
point shift occurred toward the negative scale of the gate voltage (VG) with added
concentration of KCl (a-c) and CaCl2 (g-i). By introducing hBN in between graphene
and SiO2, the shape of the transfer curves became sharper with added concentration of
KCl (d-f) and CaCl2 (j-l).

4.3.1

Model Describing the Influence of Substrate in Ion Sensing Mechanism

Here, we formulate a model for the electrostatic mechanism of ion sensing using graphene
strip on different dielectric substrates. Using the experimental conditions and data, the
model calculates ionic strength (I), the Debye layer thickness (κ-1), Debye layer
capacitance (Cdl), quantum capacitance (CQ), density of states (ρ(E)), graphene channel
potential (Vch), Fermi level (EF), charge carrier concentration (nT), and mobility (µ). This
model is based on the findings reported previously by Xia et al. [150], Fang et al. [151],
and John et al. [152]. Therefore, as shown in Figure 4-15, we neglect the influence of fieldeffect the Debye layer capacitance (Cdl) and treat it as a constant for a fixed electrolyte
concentration.

84

Figure 4-15: Model calculation of carrier concentration. (a) Capacitance of graphene
ISFET on SiO2 (100 mM KCl) as a function of graphene channel potential (Vch). (b)
Carrier concentration (n) as a function of the gate voltage (VG): total carrier
concentration (nT) (dotted black line) was estimated considering the graphene doping
concentration (nd) (dotted light blue line), gate biasing charge concentration (nG) (solid
red line), charges due to the quantum capacitance, (nQ) (solid deep blue line), and the
type of the dominant charge carriers in that particular region.

The ionic strength (I) for each KCl and CaCl2 solution was calculated as follows
[155]
I =

1 n
ci z i2
∑
2 i =1
.

Eq. 4-3

where n is the number of ions present in the electrolyte, ci is the molar concentration of the
i-th ion (1 × 10-4 to 1 M), and zi is the charge number for that particular ion (for K+ ion: +1;
for Cl- ion: -1; for Ca2+ ion: +2). In solution-gated graphene ISFETs, the Debye layer forms
at both interfaces: between electrolyte and graphene, and electrolyte and the gate electrode.
In an electrolyte, the thickness of the Debye layer can be estimated using solution
composition as follows [156]

κ −1 =

ε r ε Ο k BT
2 N Ae 2 I

Eq. 4-4
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where κ-1 is the Debye layer thickness, εr (for electrolyte, 6.0) is the relative permittivity,

εo (8.85 × 10-12 F/m) is the permittivity of free space, kB (1.38 × 10-23 J/K) is the Boltzmann
constant, T is the absolute temperature in Kelvin, NA (6.022 × 1023) is the Avogadro
number, and e (1.602 × 10-19 C) is the elementary charge. The Debye layer capacitance
(Cdl) per unit area was calculated using the Debye length (κ-1) as follows
C dl = ε r ε o

A

Eq. 4-5

2κ −1

where Cdl represents an equivalent capacitance considering the effect of two Debye layers
in series at two interfaces, where the cross-sectional area (A) was assumed as unity.
The influence of the electric field on the Debye layer capacitance (Cdl) has been
reported to be relatively low in solution-gated graphene ISFETs [150, 157]. Considering
the electrostatic channel potential (Vch), quantum capacitance (CQ) can be calculated [150,
151] as follows
eV
2e 2 k B T  
CQ =
ln 21 + cosh ch
2
k BT
π (hv F )  





Eq. 4-6

where h is the reduced Plank’s constant (1.054 × 10-34 J-s), and vF is the Fermi velocity.
The low-energy electronic excitations of graphene were described by the Lorentz invariant
theory [158], where the electron-electron interactions were correlated to the Fermi velocity
(vF). The Fermi velocity (vF) values of graphene under SiO2 and hBN have been reported
as 1.15 × 106 m/s and 1.49 × 106 m/s, respectively [153]. In literature, the dependency of
the operating temperature (T) on the Dirac voltage (VDirac) of solution-gated graphene
ISFETs were investigated [159] and using the measured data, the variation of the operating
temperature (T) was reported as a linear slope of -3.673 with respect to the change in the
Dirac voltage (VDirac). At zero potential point (Vch = 0 V), from equation (5), the quantum
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capacitance exhibits minimum non-zero value (CQ.MIN) due to the thermal induced effect.
The quantum capacitance (CQ) has the V-shaped plot with respect to the graphene channel
potential (Vch). The transport characteristics of the solution-gated graphene ISFET depends
on the number of available quantum states at the Fermi level. The effect of the change in
density of states, ρ(E) can be seen as change in the quantum capacitance (CQ) in graphene
devices. From the estimated values of the quantum capacitance (CQ), corresponding
variation in the density of states (ρ(E)) can be calculated using the following equation as

ρ (E) =

CQ

Eq. 4-7

e2

where ρ(E) is the density of states, which is also a function of graphene surface energy, E.
The proportional pattern of the quantum capacitance (CQ) with the density of states ρ(E)
can be explained from the definition: when the density of states ρ(E) is increasing, it could
be assumed grossly that the distance between two available electronic states gets closer,
which leads to higher quantum capacitance (CQ) and vice versa. At the Dirac point, the
estimated value of the density of states ρ(E) (3.28 × 1035 J-1 m-2; graphene ISFET on oxide)
has a good agreement to the measured value in literature (6.24 × 1035 J-1 m-2; graphene
ISFET on oxide) [160]. The graphene channel potential (Vch) can be calculated from the
gate voltage as follows [150]
 C dl
Vch = VG 
C +C
Q
 dl






Eq. 4-8

The carrier concentration (nG) due to the gate effect ignoring the quantum capacitance (CQ)
can be calculated as follows [151]
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nG =

C dl VG
e

Eq. 4-9

.

The carrier concentration (nQ) due to quantum capacitance can be calculated as follows
nQ =

π  C Q hv F 

2 

e2

2




Eq. 4-10

The carrier concentration (nG) due to the gate effect is expected to be symmetric with
respect to the gate voltage (VG), whereas the carrier concentration (nQ) due to the quantum
capacitance (CQ) is expected to be symmetric with respect to the channel potential (Vch).
The carrier concentration (nd) due to the p-doped graphene is expected to be equal to the
carrier concentration (nG) due to the gate biasing at the Dirac voltage (VG = VDirac). Hence,
the carrier concentration (nd) due to the p-type doping arising due to defects in graphene
plane, residues from microfabrication, and electrolyte ions can be obtained as follows
nd =

C dl V Dirac
e

Eq. 4-11

The corresponding Fermi level (EF) was calculated for the aforementioned five conditions
as follows

E F = eVch .

Eq. 4-12

When the gate voltage (VG) is negative, graphene ISFET will be in p-mode
operation, where the majority carriers will be holes and the Fermi level will be negative (at
VG = -1 V, EF = -0.16 eV). At zero gate voltage, the carrier concentration (nG) due to the
gate will be zero. However, the graphene ISFET will still be in p-mode operation, where
the majority of the carriers will be holes due to quantum capacitance and p-type doping
(microfabrication residues and adsorbates from air/solution).
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When the gate voltage (VG) is positive, but less than the Dirac voltage (VDirac),
electrons will be generated due to the gate effect while holes will be generated due to the
quantum capacitance and the p-type doping effect; as the total number of holes will be
higher than the electrons within the boundary (0 > VG > VDirac), the graphene ISFET will
still be in p-mode operation. At the Dirac point, the number of negative charge carriers (nG)
due to the gate effect will be equal to the number of holes due to the p-type doping. The
total carrier concentration (nT) at this point will be equal to the number of electrons due to
the minimum quantum capacitance (CQ.MIN). The Dirac point (VG = VDirac) is the zero
potential point (Vch = 0 V), where the Fermi level (EF) is zero and the graphene ISFET is
in n-mode.
At this cross-over point, the local impurities form an inhomogeneous network of
spatially segregated impurity charge puddles [126]. When the gate voltage (VG) is higher
than the Dirac voltage (VDirac), the majority of the carriers are electrons, and the graphene
ISFET is in n-mode in operation with positive Fermi level (EF) (at VG = 3 V, EF = 0.15 eV)
as shown in Figure 4-15(b).
4.4

Conclusion

In this study, hBN was tested as a substrate for solution-gated graphene ISFETs for
sensing changes in K+ and Ca2+ concentrations. Compared to SiO2, hBN devices yielded
lower Dirac points and higher transconductances, which confirm lower surface charge
density on hBN than SiO2, and higher charge carrier mobility in graphene on hBN.
Furthermore, the shift in Dirac voltage and transconductance was higher for hBN devices
compared to SiO2 devices.
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This larger shift in Dirac voltage indicates that hBN as a substrate has a lower rate
of increase in n-doping level in graphene with change in K+ concentration. The high ion
sensitivity of transconductance can be attributed to the larger ion sensitivity of charge
carrier mobility in graphene with hBN as the substrate. For a variety of sensing
applications, our findings define a standard from here onwards prepare graphene ISFETs
on hBN substrates instead of SiO2.

HIGHLY SENSITIVE AND SELECTIVE ION SENSING SOLUTION
GATED GRAPHENE FIELD-EFFECT TRANSISTOR ON SILICON
DIOXIDE AND HEXAGONAL BORON NITRIDE

5.1

Introduction

Ionic equilibrium is crucial for the stable physiological process [161, 162]: ion
selective sensor plays a major role in identifying, analyzing, and quantifying particular
ionic concentration; thus, the ionic imbalance is detected, which could lead a resolution
toward the root cause for several physiological disorders [163, 164] such as the level of
sodium ion is strictly maintained in body fluids at the range of 135 to 145 mM [165].
Calcium ion act as an intracellular signaling molecules in the neurotransmitter [166-168];
calcium is transported through the bloodstream as dissolved ions and the level of calcium
ion is firmly regulated, especially in mammals [169, 170]. Similarly, potassium ions have
a major role in maintenance of fluid and electrolyte balance in the physiological process
[171, 172].
As a quasi-2D sensing surface, graphene is attracted as a fascinating material due
to its high surface-to-volume ratio, high carrier mobility, substrate-induced structural
distortion, and band gap maneuvering. In recent decades, numerous investigations were
reported on graphene and graphene based materials as various chemical sensors [97, 98];
however, the usage and improvement of graphene is limited in highly selective ion sensing
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applications. Dr. Ali Javey and his research group reported ionophoretic membrane based
ion selective wearable sensor technologies by analyzing human sweat [173].
Tetrahydrofuran-based

sodium

ionophoretic

membranes

and

valinomycin-based

potassium ionophoretic membranes were reported to detect Na+, and K+ ions with higher
selectivity and sensitivity from sweat samples in physiological sensing applications. Dr.
Goutam Koley and his group reported valinomycin based highly sensitive and selective
graphene field-effect transistor (FET) as potassium ion sensor [94]. The sensitivity of the
desired ion (K+) was reported as greater than 60 mV/decade within the electrolyte
concentration range of 1 µM – 2 mM. Ionic effects of the undesired ions (Na+, Ca2+) were
reported negligible.
In this study, we demonstrated highly sensitive and highly selective graphene
ISFETs fabricated on SiO2 with tetrahydrofuran-based sodium and calcium membranes,
and valinomycin-based potassium membrane to detect the desired ions in the presence of
the undesired ions in lock solutions as well as in individual electrolytes (Ca2+, Na+, and K+)
with varying concentrations (0.1 – 1000 mM). We reported sensitivity in terms of the shift
in the Dirac voltage (VDirac) and the transconductance (gm) with respect to the varying
electrolyte concentration. We reported high repeatability and reproducibility over a twomonth period for stability and reliability in ion selective sensing application. Furthermore,
we introduced hBN, an isomorph of graphene, as an underlying layer in graphene ion
sensitive field-effect transistor (ISFET) to improve sensitivity and selectivity to some
remarkable extent.
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5.2
5.2.1

Methodology and Materials

Materials
Copper foils (20 µm thick) with monolayer graphene or multilayer hBN films

grown by CVD method were obtained from Graphene Labs, Inc. These CVD graphene
films with 1 to 10 µm grain size and mostly monolayer with 10% to 30% bilayer islands.
Poly-(methyl methacrylate) (996 kDa) was obtained from ALDRICH and it was dissolved
in anisole from Fluka to prepare a 5 (w/v)% PMMA solution. Copper etchant type CE100 was obtained from TRANSENE Company, Inc. Mono/bilayer graphene and
multilayer hBN on Si/SiO2 scanning electron microscope (SEM) images are shown in
Figure 5-2(a-b). The cross-sectional schematic device drawing is shown in Figure 5-1.
5.2.2

Film Transfer
A general method was used to transfer hBN and graphene films from copper to

silicon substrates as required to build the needed devices. One side of the copper foil (with
graphene or hBN) was spin-coated (1000 rpm for 10 s; 3000 rpm for 30 s) with the PMMA
solution and baked at 110°C for 5 min. We found that it was important to spin the PMMA
layer twice to keep the PMMA-hBN or the PMMA-graphene film intact after the release.
The hBN or the graphene film from the other side of the copper foil was removed via
oxygen plasma ion etching (TECHNICS MICRO Series 800 RIE, 100 W, 20 sccm O2,
20 min for hBN and 30 s for graphene). The PMMA-hBN or the PMMA-graphene film
was released by wet etching the copper foil at 60°C for 2 h. The released PMMA-protected
film was rinsed with deionized (DI) water and modified SC-II solution (H2O:H2O2:HCl =
20:1:1, 25°C, 10 min), and transferred to a Si/SiO2 substrate. Boron-doped silicon wafers
(thickness: 500 ± 25 µm; diameter: 100 mm; oxide thickness: 285 nm) were diced into the
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square (1.4 cm × 1.4 cm) pieces as a substrate for GFET fabrication. The transferred film
was dried and flattened via spinning out water between the PMMA-protected film and the
substrate (200 rpm for 1 min; 500 rpm for 1 min, 1000 rpm for 1 min; 2000 rpm for 10
min) and baking it on a hotplate (60°C at 5 min; 110°C for 10 min). PMMA layer was then
removed by soaking in a 1:1 solution of methylene chloride and methanol for 1 h at 25°C.
5.2.3

Device Microfabrication
It was carried out in three steps: metal patterning, graphene patterning and insulator

window patterning. The metal electrodes were patterned via lift-off technique. A two-layer
resist was used. The bottom resist layer was a polymethylglutarimide based lift-off resist
(LOR 7B; MicroChem; spin program: 500 rpm for 20 s; 1000 rpm for 10 s; 3000 rpm for
50 s; soft bake: 180°C, 7 min) to protect the graphene layer from photo-initiated reactions,
undercut the top resist layer during development, and to provide good adhesion and thermal
stability. The top resist layer was a positive photoresist (S1813, MICROPOSIT, spin
program: 1000 rpm for 10 s; 5000 rpm for 50 s; soft bake: 115°C, 90 s). Patterning of the
resist was carried out using a chrome mask and a Süss MicroTec MA/BA6 (soft contact
mode; 1000 W; 20 s) and development in MF-319 (MICROPOSIT, 15 s, 25°C). The
metal layers, 25 nm Cr and 200 nm Au, were deposited via electron-beam evaporation
(CHA Industries, BEC-600-RAP) and lift-off was carried out in Remover PG for 15 min
at 75°C. Using similar photolithography process, a layer of S1813 was patterned to protect
40 µm × 10 µm graphene channels and etch away the remaining graphene. To prevent
short-circuiting of the Au electrodes in the solution, a 2 µm thick electrical insulation layer
was lithographically patterned using SU-8 2002 (MicroChem; 500 rpm for 10 s; 3000
rpm for 30 s). Overall, 48 electrodes with electrode pads (each side has 12 electrodes) were
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patterned on a chip. A GFET consists of 4 electrodes with a 20 µm × 10 µm SU-8 window
leaving a 10 µm × 10 µm graphene strip exposed to the gate electrolyte. The cross-sectional
schematic diagram of the device is shown in Figure 5-1.

Figure 5-1: Cross-sectional schematic diagram of the graphene field-effect transistor
on SiO2 with hBN. CVD graphene and hBN were transferred on Si/SiO2 substrate.
Electrodes were patterned through e-beam evaporation and lift-off process with Cr/Au.
Electrolytes were applied through the PDMS well. The Ag/AgCl electrode was
submerged in electrode solution as the gate electrode. The insulation layer was made
with SU-8 to isolate metal electrodes from the electrolytes. Ionophoretic membrane was
drop-casted using solvent evaporation method on graphene channel.

5.2.4

Raman Spectroscopy
Raman Spectroscopy was conducted using a HORIBA Scientific XploRA™

PLUS confocal Raman microscope equipped with a 532 nm laser, 100x 0.95 NA objective
1200 lines/mm diffraction grating, a 300 µm slit, and a 200 µm hole. The setup achieved a
beam spot diameter of 1 µm. Raman spectrum for mono/bilayer CVD graphene and
multilayer hBN exhibits characteristics peaks as shown in Figure 5-2(c-d).
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5.2.5

Ion Selective Membrane Preparation and Deposition
Ion selective membrane solution was prepared by dissolving the ion selective

cocktail with a corresponding solvent. Sodium ion selective membrane cocktail comprised
of sodium ionophore X (1% w/w; Selectophore™, SIGMA-ALDRICH), sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (0.55% w/w; Selectophore™, SIGMAALDRICH), poly(vinyl chloride) (33% w/w; SIGMA-ALDRICH), bis(2-ethylhexyl)
sebacate (65.45% w/w; SIGMA-ALDRICH). Sodium iofn selective membrane solution
was prepared by dissolving 100 mg of the ion selective cocktail in 660 µL of
tetrahydrofuran (anhydrous, ≥ 99.9%; SIGMA-ALDRICH) [173, 174]. Potassium ion
selective membrane cocktail comprised of valinomycin (2% w/w; SIGMA-ALDRICH),
sodium tetraphenyl borate (0.6% w/w; SIGMA-ALDRICH), poly(vinyl chloride) (32.7%
w/w;

SIGMA-ALDRICH),

bis(2-ethylhexyl)

sebacate

(64.7%

w/w;

SIGMA-

ALDRICH). Potassium ion selective membrane solution was prepared by dissolving 100
mg of the ion selective cocktail in 350 µL of cyclohexanone (≥ 99.5%; Selectophore™,
SIGMA-ALDRICH). Calcium ion selective membrane cocktail comprised of Calcium
ionophore II (9.2% w/w; Selectophore™, SIGMA-ALDRICH), sodium tetrakis[3,5bis(trifluoromethyl)phenyl]borate (4.5% w/w; Selectophore™, SIGMA-ALDRICH),
bis(2-ethylhexyl) sebacate (56.3% w/w; SIGMA-ALDRICH), and poly(vinyl chloride)
(30% w/w; SIGMA-ALDRICH). Calcium ion selective membrane solution was prepared
by dissolving 111 mg of the ion selective cocktail in 333 mg of tetrahydrofuran (anhydrous,
≥ 99.9%; SIGMA-ALDRICH). We drop-casted a different amount of all three (Na+, Ca2+,
and K+) ionophoretic solutions (1 µL, 3 µL, 5 µL, 7 µL, and 9 µL) at 25°C with 48%
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humidity on SU-8 (2.3 ~ 3.1 µm) coated Si/SiO2 wafer and measured the film’s thickness
and diameter using the Dektak® 150 Surface Profiler (VeecoTM Instruments, Inc.).
Ionophoretic membrane was coated on exposed graphene surface by drop-casting 1 µL ion
selective solution over 20 µm × 10 µm sensing window using solvent evaporation process
at room temperature (25°C).
5.2.6

Lock Solution Preparation
Within 248.75 mL purified deionized water, 2250 mg NaCl (154 mM), 104.4 mg

KCl (5.6 mM), 75.6 mg NaHCO3 (3.6 mM), 84.5 mg CaCl2.2H2O (2.3 mM), 61 mg
MgCl2.6H2O (1.2 mM), and 252.3 mg C6H12O6 (5.6 mM) are dissolved via vortexing. 1.25
mL of 1 M stock C8H18N2O4S (5 mM) with pH 7.4 was added into the dissolved solution.
Within a vacuum chamber, the dissolved liquid is passed through the filter using vacuum
filtration. The lock solution is stored in refrigerator under 4°C.
5.2.7

Electrical Measurements
All electrical measurements were accomplished with a probe station inside a

Faraday cage. Resistance and the transfer curves were measured using a dual sourcemeasurement unit (KEITHLEY 2636A). A polydimethylsiloxane (PDMS) well was
punched out to hold the electrolyte over the graphene strip. Electrochemical top-gate circuit
setup was completed by immersing an Ag/AgCl electrode into the electrolyte. The
resistance of the graphene strip was measured in air by sweeping the drain-to-source
voltage (VDS) from 0 mV to 100 mV in pulsed mode (1 ms pulse width, 50 ms time period).
The pulsed mode was used to avoid significant Joule heating effects during measurements.
Over ion selective membranes (Ca2+, Na+, and K+), electrolytes (NaCl, KCl, and CaCl2) of
varying concentration (0.1 mM, 1 mM, 3 mM, 5 mM, 7 mM, 9 mM, 10 mM, 100 mM, and
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1000 mM) were used as the gate electrolyte in measuring the transfer curves on graphene
ISFETs with or without hBN as an underlying dielectric layer.
To generate the transfer curves, VDS was held constant at 100 mV DC across the
drain and the source while sweeping the gate voltage, VG. Using Ca2+ ionophoretic
membrane on graphene ISFET over SiO2, three trials of transfer curve measurement data
are recorded using CaCl2 with varying concentrations (0.1 mM ~ 1000 mM) for
repeatability calculation. For reproducibility calculation, 5 sets of transfer curve
measurement data are recorded with Ca2+ ionophoretic membrane on graphene ISFET
fabricated on SiO2 over 15 days apart. In both cases for repeatability and reproducibility
data recording, VDS was held constant at 100 mV DC across the drain and the source while
sweeping the gate voltage. For Ca2+ ionophoretic membrane, using varying Ca2+
concentrations (0 mM, 0.58 mM, 0.77 mM, 1.15 mM, 1.53 mM, 1.73 mM, and 2.3 mM)
in lock solutions, the transfer curves are recorded from graphene ISFETs with and without
hBN. To observe the selectivity, the transfer curves are recorded with varying Na+
concentrations (0 mM, 78.8 mM, and 157.6 mM) and K+ concentrations (0 mM, 2.8 mM,
and 5.6 mM) in the lock solutions. Likewise, for Na+ ionophoretic membrane, using
varying Na+ concentrations (0 mM, 39.4 mM, 52.53 mM, 78.8 mM, 105.07 mM, 118.2
mM, and 157.6 mM) in lock solutions, the transfer curves are recorded from graphene
ISFETs with and without hBN. To observe the selectivity, the transfer curves are recorded
with varying Ca2+ concentrations (0 mM, 1.15 mM, and 2.3 mM) and K+ concentrations (0
mM, 2.8 mM, and 5.6 mM) in the lock solutions. For K+ ionophoretic membrane, using
varying K+ concentrations (0 mM, 1.4 mM, 1.87 mM, 2.8 mM, 3.7 mM, 4.2 mM, and 5.6
mM) in lock solutions, the transfer curves are recorded from graphene ISFETs with and
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without hBN. To observe the selectivity, the transfer curves are recorded with varying Ca2+
concentrations (0 mM, 1.15 mM, and 2.3 mM) and Na+ concentrations (0 mM, 78.8 mM,
and 157.6 mM) in the lock solutions. Scanning electron microscope images and the Raman
spectroscopy data are presented in Figure 5-2.

Figure 5-2: Scanning Electron Microscope (SEM) images of (a) monolayer CVD
graphene, and (b) multilayer CVD hBN. (c) Raman spectrum for graphene shows a
characteristic D (1350 cm-1), G (1580 cm-1), and 2D (2690 cm-1) peaks. The ratio of
peak intensities, I2D/IG (> 1) implies the sample as monolayer graphene. (d) Raman
spectrum of multilayer hBN exhibits a characteristic peak at 1367 cm-1.
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5.3

Results and Discussion

Ionic sensitivity and selectivity are tested with graphene ISFETs on hBN and SiO2
using different ionophoretic membranes (Ca2+, Na+ and K+). Without the ionophoretic
membrane, we reported individual electrolyte’s sensitivity in terms of the Dirac voltage
shift (VDirac) with salt concentration for graphene ISFETs fabricated on SiO2 and hBN
[175]. On SiO2, graphene ISFETs sensitivity values are reported as -57 mV/decade and 164 mV/decade for individual Ca2+ and K+ sensing as shown in Figure 5-3.

Figure 5-3: Ion sensing with GFETs coated with a Ca2+ ionophoretic membrane. The
ionic sensitivity was recorded as shift in VDirac (a,b) and gm (c,d) in individual CaCl2
(red circles), NaCl (purple asterisks), and KCl (green triangles) solutions of varying
concentrations (0.1 mM, 1 mM, 3 mM, 5 mM, 7 mM, 9 mM, 10 mM, 100 mM, and
1000 mM). The dashed lines indicate curves (y = m*log10(x) + c) fit to the data with
respective color and the text in the respective color indicates its slope.
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Using hBN as an underlying layer, the sensitivity enhanced up to -110 mV/decade
and -198 mV/decade for Ca2+ and K+ sensing, respectively. In this study, we introduced
ionophoretic membrane over the graphene channel to observe the sensitivity for the desired
and the undesired ions using individual electrolytes and the lock solutions with varying
particular ion concentrations. The sensitivity of different individual ions with Ca2+
ionophoretic membrane over graphene ISFETs fabricated on SiO2 (a,c) and hBN (b,d).
Using Ca2+ ionophoretic membrane for graphene ISFETs on oxide, the sensitivity for Ca2+
is obtained as -40 mV/decade in terms of the Dirac voltage shift (VDirac) with respect to the
change in salt concentrations. In this case, the desired ions (Ca2+) are passing through the
penetrable Ca2+ ionophoretic membrane, and they form the Debye layer over the graphene
channel. For the desired ions, the sensing mechanism is almost similar with the one having
no membrane over the channel. However, due to the channel pore, the number of
accumulated ions on the channel will be smaller than that having no membrane.
Moreover, the membrane-channel interface will increase the resistance and
collision among the carriers. Consequently, the effect of change in electrolyte
concentration will be lesser than having no membrane. This is the reason, using
ionophoretic membrane, sensitivity in terms of shifting the Dirac voltage (VDirac) reduced
to -40 mV/decade from -57 mV/decade. For the undesired ions like Na+ and K+, sensitivity
values are obtained as -30 mV/decade (w/o membrane: -172 mV/decade) and -27
mV/decade (w/o membrane: -164 mV/decade) as shown in Figure 5-3(a). In the case of
the undesired ions (Na+, and K+), most of these ions cannot pass through the Ca2+
ionophoretic membrane; only a few undesired ions can pass through the membrane via
defects or cracks. Hence, by changing the electrolyte concentration, the Dirac voltage
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(VDirac) shift exhibits significantly less sensitivity with ionophoretic membrane. Using
hBN, the sensitivity of the desired ion (Ca2+) is improved up to -71 mV/decade while the
sensitivity values of the undesired ions (Na+, K+) remained almost unchanged as shown in
Figure 5-3(b). Therefore, using hBN, the selectivity in Ca2+ sensing is improving for the
graphene ISFETs as shown in Figure 5-4.

Figure 5-4: Ion sensing with GFETs coated with a Na+ ionophoretic membrane. The
ionic sensitivity was recorded as shift in VDirac (a,b) and gm (c,d) in individual CaCl2
(red circles), NaCl (purple asterisks), and KCl (green triangles) solutions of varying
concentrations (0.1 mM, 1 mM, 3 mM, 5 mM, 7 mM, 9 mM, 10 mM, 100 mM, and
1000 mM). Results are shown for graphene ISFETs fabricated on SiO2 (a,c) and hBN
(b,d). The dashed lines indicate curves (y = m*log10(x) + c) fit to the data with
respective color and the text in the respective color indicates its slope.
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Using Ca2+ ionophoretic membrane, the sensitivity measured in terms of the shift
in transconductance (gm) in ion sensing for graphene ISFETs on SiO2 are shown in Figure
5-3(c). For the desired ions (Ca2+), the slope of the transconductance (gm) with respect to
the electrolyte concentration exhibits three orders higher in magnitude value than those for
the undesired ions (Na+, and K+). For the desired ions, most of them can pass through the
ionophoretic membrane; for a small change in gate voltage (VG), a significant impact can
be obtained in the channel current (IDS). Thus, high transconductance (gm) can be obtained.
For the undesired ions, most of them cannot pass through the ionophoretic membrane. Only
few ions can pass through defects or cracks; hence, for a change in gate voltage (VG), a
little change is obtained in the channel current (IDS). Likewise, the shift in transconductance
(gm) with respect to the electrolyte concentration is obtained insignificant. Using hBN as
an underlying layer, the slope in transconductance (gm) improved an order in magnitude
for the desired ions (Ca2+), whereas for the undesired ions (Na+, and K+), the slopes
maintained almost the same values of the order as shown in Figure 5-3(d). Hence, using
hBN, we demonstrated highly selective Ca2+ sensor among several individual electrolytes.
Figure 5-4 shows the sensitivity of different individual ions with Na+ ionophoretic
membrane over graphene ISFETs fabricated on SiO2 (a,c) and hBN (b,d). Using Na+
ionophoretic membrane for graphene ISFETs on oxide, the sensitivity for Na+ is obtained
as -135 mV/decade in terms of the Dirac voltage shift (VDirac) with respect to the change in
salt concentrations. For the undesired ions like Ca2+ and K+, sensitivity values are obtained
as -9 mV/decade (w/o membrane: -57 mV/decade) and -47 mV/decade (w/o membrane: 164 mV/decade) as shown in Figure 5-4(a). Using hBN, the sensitivity of the desired ion
(Na+) is improved up to -160 mV/decade while the sensitivity values of the undesired ions
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(Na+, K+) remained almost unchanged as shown in Figure 5-4(b). Thus, using hBN, the
selectivity in Na+ sensing is an improvement for the graphene ISFETs.
It should be reported that in the case of Na+ ionophoretic membrane, we obtained a
significant higher slope for K+ in both cases of graphene ISFETs with hBN (-61
mV/decade) and without hBN (-47 mV/decade). As K+ and Na+ ions have more similarity
in terms of ionic size and charge, some K+ ions can pass through the Na+ membrane and
exhibits higher sensitivity in terms of the shift in the Dirac voltage (VDirac). Using Na+
ionophoretic membrane, the sensitivity measured in terms of the shift in transconductance
(gm) in ion sensing for graphene ISFETs on SiO2 are shown in Figure 5-4(c). For the
desired ions (Na+), the slope of the transconductance (gm) with respect to the electrolyte
concentration exhibits two orders higher in magnitude value than those for the undesired
ions (Ca2+, and K+). Using hBN as an underlying dielectric layer, the slope in
transconductance (gm) improved four times for the desired ions (Na+), whereas for the
undesired ions (Ca2+, and K+), the slopes maintained almost the same values of order as
shown in Figure 5-4(d). Hence, using hBN, we demonstrated highly selective Na+ sensor
among several individual electrolytes. Moreover, even in the case of the shift in
transconductance (gm), K+ exhibits higher sensitivity than Ca2+ with Na+ ionophoretic
membrane. Figure 5-5 shows the sensitivity of different individual ions with K+
ionophoretic membrane over graphene ISFETs fabricated on SiO2 (a,c) and hBN (b,d).
Using K+ ionophoretic membrane for graphene ISFETs on oxide, the sensitivity for K+ is
obtained as -122 mV/decade in terms of the Dirac voltage shift (VDirac) with respect to the
change in salt concentrations. For the undesired ions like Ca2+ and Na+, sensitivity values
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are obtained as -11 mV/decade (w/o membrane: -57 mV/decade) and -46 mV/decade (w/o
membrane: -164 mV/decade) as shown in Figure 5-5(a).
Using hBN, the sensitivity of the desired ion (K+) is improved up to -135
mV/decade while the sensitivity values remained almost unchanged as shown in Figure
5-5(b). We obtained similar findings with Na+ ionophoretic membrane, also. Using K+
ionophoretic membrane, the sensitivity measured in terms of the shift in transconductance
(gm) in ion sensing for graphene ISFETs on SiO2 are shown in Figure 5-5(c).

Figure 5-5: Ion sensing with GFETs coated with a K+ ionophoretic membrane. The
ionic sensitivity was recorded as shift in VDirac (a,b) and gm (c,d) in individual CaCl2
(red circles), NaCl (purple asterisks), and KCl (green triangles) solutions of varying
concentrations (0.1 mM, 1 mM, 3 mM, 5 mM, 7 mM, 9 mM, 10 mM, 100 mM, and
1000 mM). The dashed lines indicate curves (y = m*log10(x) + c) fit to the data with
respective color and the text in the respective color indicates its slope.
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For the desired ions (K+), the slope of the transconductance (gm) with respect to the
electrolyte concentration exhibits two orders higher in magnitude value than those for the
undesired ions (Ca2+, and Na+). Using hBN as an underlying dielectric layer, the slope in
transconductance (gm) improved two times for the desired ions (K+), whereas for the
undesired ions (Ca2+, and Na+), the slopes maintained almost the same values of order as
shown in Figure 5-5(d). Hence, using hBN, we demonstrated highly selective K+ sensor
among several individual electrolytes. Moreover, even in the case of the shift in
transconductance (gm), Na+ exhibits higher sensitivity than Ca2+ with K+ ionophoretic
membrane.
Using Ca2+ ionophoretic membrane over graphene ISFETs with and without hBN,
and by varying the electrolyte concentrations in lock solutions, the sensitivity is reported
in terms of the shift in the Dirac voltage (VDirac) and the transconductance (gm) as shown in
Figure 5-6. By varying electrolyte concentrations (Ca2+: 0 mM, 0.58 mM, 0.77 mM, 1.15
mM, 1.53 mM, 1.73 mM, and 2.3 mM; K+: 0 mM, 2.8 mM, and 5.6 mM; Na+: 0 mM,
78.8 mM, and 157.6 mM) with lock solutions, the shift in the Dirac voltage (VDirac) are
obtained as -44 mV/decade, -28 mV/decade, and -25 mV/decade for varying Ca2+, Na+ and
K+, respectively with Ca2+ ionophoretic membrane for graphene ISFETs on SiO2 as shown
in Figure 5-6(a). Using hBN, the shift in the Dirac voltage (VDirac) improved from -44
mV/decade to -73 mV/decade while the shifts for the undesired ions (Na+, K+) remained at
almost the same values of order as shown in Figure 5-6(b). The slope in shift of the
transconductance (gm) for the desired ions (Ca2+) exhibits three orders higher in magnitude
value than the undesired ions (Na+, K+) as shown in Figure 5-6(c). Using ghraphene
ISFETs fabricated on hBN, the slope improved at an order magnitude for Ca2+, while the
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slope values for Na+ and K+ remained almost the same as shown in Figure 5-6(d). By
varying electrolyte concentrations (Na+: 0 mM, 39.4 mM, 52.53 mM, 78.8 mM, 105.07
mM, 118.2 mM, and 157.6 mM; K+: 0 mM, 2.8 mM, and 5.6 mM; Ca2+: 0 mM, 1.15 mM,
and 2.3 mM) with lock solutions, the shift in the Dirac voltage (VDirac) are obtained as -138
mV/decade, -52 mV/decade, and -11 mV/decade for varying Na+, K+ and Ca2+, respectively
with Na+ ionophoretic membrane for graphene ISFETs on SiO2 as shown in Figure 5-6.

Figure 5-6: Ion sensing with GFETs coated with a Ca2+ ionophoretic membrane. The
ionic sensitivity was recorded as shift in VDirac (a,b) and gm (c,d) with varying Ca2+ (0 ~
2.3 mM) in LKS (red circles), with varying Na+ (0 ~ 157.6 mM) in LKS (purple
asterisks), and varying K+ (0 ~ 5.6 mM) in LKS (green triangles). Results are shown
for graphene ISFETs fabricated on SiO2 (a,c) and hBN (b,d). The dashed lines indicate
curves (y = m*log10(x) + c) fit to the data with respective color and the text in the
respective color indicates its slope.
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Using hBN, the shift in the Dirac voltage (VDirac) improved from -138 mV/decade
to -166 mV/decade for Na+ while the shifts for the undesired ions (Ca2+, K+) remained
almost the same values of order as shown in Figure 5-7(a-b). The slope in shift of the
transconductance (gm) for the desired ions (Na+) exhibits two orders higher in magnitude
value than the undesired ions (Ca2+, K+) as shown in Figure 5-7(c). Using ghraphene
ISFETs fabricated on hBN, the slope improved three times higher for Na+, while the slope
values for Ca2+ and K+ remained almost the same as shown in Figure 5-7(d).

Figure 5-7: Ion sensing with GFETs coated with a Na+ ionophoretic membrane. The
ionic sensitivity was recorded as shift in VDirac (a,b) and gm (c,d) with varying Ca2+ (0 ~
2.3 mM) in LKS (red circles), with varying Na+ (0 ~ 157.6 mM) in LKS (purple
asterisks), and varying K+ (0 ~ 5.6 mM) in LKS (green triangles). Results are shown
for graphene ISFETs fabricated on SiO2 (a,c) and hBN (b,d). The dashed lines indicate
curves (y = m*log10(x) + c) fit to the data with respective color and the text in the
respective color indicates its slope.
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Using K+ ionophoretic membrane over graphene ISFETs with and without hBN by
varying the electrolyte in lock solutions, the sensitivity is reported in terms of the shift in
the Dirac voltage (VDirac) and the transconductance (gm) as shown in Figure 5-8. By varying
electrolyte concentrations (K+: 0 mM, 1.4 mM, 1.87 mM, 2.8 mM, 3.7 mM, 4.2 mM, and
5.6 mM; Ca2+: 0 mM, 1.15 mM, and 2.3 mM; Na+: 0 mM, 78.8 mM, and 157.6 mM) with
lock solutions, the shift in the Dirac voltage (VDirac) are obtained as -130 mV/decade, -49
mV/decade, and -10 mV/decade for varying K+, Na+, and Ca2+.

Figure 5-8: Ion sensing with GFETs coated with a K+ ionophoretic membrane. The
ionic sensitivity was recorded as shift in VDirac (a,b) and gm (c,d) with varying Ca2+ (0 ~
2.3 mM) in LKS (red circles), with varying Na+ (0 ~ 157.6 mM) in LKS (purple
asterisks), and varying K+ (0 ~ 5.6 mM) in LKS (green triangles). Results are shown
for graphene ISFETs fabricated on SiO2 (a,c) and hBN (b,d).
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The slope in shift of the transconductance (gm) for the desired ions (K+) exhibits
two orders higher in magnitude value than the undesired ions (Ca2+, Na+) with graphene
ISFET on SiO2 as shown in Figure 5-8(c). Using graphene ISFETs fabricated on hBN, the
slope improved almost four times higher for K+, while the slope values for Ca2+ and K+
remained in the same values of order as shown in Figure 5-8(d). With graphene ISFET on
SiO2 covered with Ca2+ ionophoretic membrane, three sets of consecutive transfer curve
data are recorded (VDS = 100 mV DC while sweeping the gate voltage, VG) with varying
concentration (0.1 mM ~ 1000 mM) of CaCl2. From the normalized standard deviation of
the Dirac voltage (VDirac) and the transconductance (gm), the repeatability, (%) R, is
calculated as follows

SD 
 × 100 .
(%) R = 1 −
 Span 

Eq. 5-1

where SD represents the standard deviation on three trials for the Dirac voltage (VDirac) and
the transconductance (gm) values, and Span is the maximum value among three trials. For
the Dirac voltage (VDirac) values, the normalized standard deviation (~ SD/Span) over the
varying CaCl2 concentration are shown in Figure 5-9(a) with an average value 0.28% and
the maximum value of 0.44%. The overall repeatability (%) R is calculated as 99.56%.
Likewise, the normalized standard deviation are presented for the deviations of the
transconductance (gm) values on three sets of data as shown in Figure 5-9(b) with an
average normalized standard deviation 0.03% with 0.07% maximum value. The overall
repeatability (%) R is calculated as 99.93%. The overall repeatability (%) R calculated
and tabulated as shown in Table 5-1, and Figure 5-9.
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Table 5-1: Repeatability calculation using normalized standard deviations (a) of the Dirac
voltage (VDirac), and (b) of the transconductance (gm) based on 3 consecutive trials.
Salt
Conc
(mM)
0.1
1
3
5
7
9
10
100
1000

VDirac (V)
Std.
Dev. (A)
1.8×10-3
2.1×10-3
2.7×10-3
1.5×10-3
1.1×10-3
1.4×10-3
2.3×10-4
2.1×10-3
2.1×10-3

Span
(V)
0.68
0.64
0.62
0.61
0.6
0.59
0.59
0.56
0.52

Error

Repeatibility

0.26%
0.33%
0.44%
0.25%
0.18%
0.23%
0.04%
0.37%
0.40%

99.74%
99.67%
99.56%
99.75%
99.82%
99.77%
99.96%
99.63%
99.60%

Std. Dev.
(A)
5.2×10-10
4.2×10-10
4.0×10-10
2.2×10-10
3.2×10-10
3.2×10-10
4.8×10-10
2.8×10-10
5.9×10-10

gm (S)
Span
Error
(S)
-6
1.7×10
0.03%
1.5×10-6
0.03%
1.4×10-6
0.03%
1.3×10-6
0.02%
1.3×10-6
0.02%
1.3×10-6
0.03%
1.3×10-6
0.04%
1.1×10-6
0.03%
8.5×10-7
0.07%

Repeatibility
99.97%
99.97%
99.97%
99.98%
99.98%
99.97%
99.96%
99.97%
99.93%

Figure 5-9: Repeatability calculation using normalized standard deviation (black
circles) (a) of the Dirac voltage (VDirac), and (b) of the transconductance (gm) based on
3 trials. The dotted black lines represent the overall average level of normalized
standard deviation values.

The reproducibility (%) Rp are calculated as follows

SD 
 × 100 .
(%) Rp = 1 −
 Span 

Eq. 5-2

where SD is the standard deviation of the Dirac voltage (VDirac) and the transconductance
(gm) values over the 60 days period as shown in Figure 5-10 and Figure 5-11, respectively.
Span is the maximum value over the 60 days period. The corresponding (%) Rp values are
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calculated and tabulated in Table 5-2 and Table 5-3 for the Dirac voltage (VDirac) and the
transconductance (gm), respectively.

Figure 5-10: Reproducibility calculation using shift in terms of the Dirac voltage
(VDirac) (red filled dots) for different CaCl2 concentrations: (a) 0.1 mM, (b) 1 mM, (c) 3
mM, and (d) 5 mM over 60 days. The gray broken lines represent the range (maximum
and minimum level) of the corresponding shift.

Table 5-2: Reproducibility calculation using shift in terms of the Dirac voltage (VDirac) for
different CaCl2 concentrations: 0.1 mM ~ 1000 mM over 60 days.
Time (Days)
0
15
30
45
60
STDEV
Reproducibility

CaCl2 Concentration (mM)
0.1
0.679 V
0.679 V
0.689 V
0.695 V
0.694 V
7×10-3
98.90%

1
0.64 V
0.641 V
0.651 V
0.651 V
0.65 V
6×10-3
99.10%

3
0.617 V
0.627 V
0.637 V
0.636 V
0.634 V
8×10-3
98.70%

5
0.608 V
0.618 V
0.628 V
0.627 V
0.625 V
8×10-3
98.70%

7
0.601 V
0.611 V
0.621 V
0.621 V
0.621 V
9×10-3
98.50%

9
0.596 V
0.606 V
0.616 V
0.616 V
0.613 V
8×10-3
98.60%

10
0.589 V
0.603 V
0.611 V
0.611 V
0.611 V
9×10-3
98.50%

100
0.559 V
0.559 V
0.574 V
0.575 V
0.578 V
9×10-3
98.40%

1000
0.518 V
0.528 V
0.534 V
0.536 V
0.536 V
8×10-3
98.60%
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Figure 5-11: Reproducibility calculation using shift in terms of the transconductance
(gm) (blue filled dots) for different CaCl2 concentrations: (a) 0.1 mM, (b) 1 mM, (c) 3
mM, and (d) 5 mM over 60 days. The gray broken lines represent the range (maximum
and minimum level) of the corresponding shift.

Table 5-3: Reproducibility calculation using shift in terms of the transconductance (gm)
for different CaCl2 concentrations: 0.1 mM ~ 1000 mM over 60 days.
Time (Days)
1st Trial (mS)
2nd Trial (mS)
3rd Trial (mS)
4th Trial (mS)
5th Trial (mS)
STDEV (mS)
Reproducibility

CaCl2 Concentration (mM)
0.1

1

3

5

7

9

10

100

1000

1.55×10-3
1.57×10-3
1.61×10-3
1.62×10-3
1.59×10-3
2.67×10-5

1.36×10-3
1.37×10-3
1.39×10-3
1.40×10-3
1.40×10-3
2.02×10-5

1.26×10-3
1.28×10-3
1.30×10-3
1.30×10-3
1.32×10-3
2.18×10-5

1.22×10-3
1.24×10-3
1.24×10-3
1.26×10-3
1.26×10-3
1.67×10-5

1.19×10-3
1.22×10-3
1.23×10-3
1.22×10-3
1.23×10-3
1.70×10-5

1.2×10-3
1.2×10-3
1.2×10-3
1.2×10-3
1.2×10-3
1.6×10-5

1.16×10-3
1.18×10-3
1.18×10-3
1.19×10-3
1.20×10-3
1.53×10-5

9.68×10-4
9.88×10-4
9.93×10-4
1.00×10-3
1.00×10-3
1.42×10-5

7.75×10-4
7.85×10-4
7.93×10-4
8.09×10-4
8.03×10-4
1.34×10-5

98.35%

98.56%

98.35%

98.68%

98.62%

98.72%

98.73%

98.58%

98.34%
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5.4

Conclusion

In this study, we demonstrated selectivity for sensing particular ions through some
ionophoretic membranes over the graphene channel. Different sensitivity levels obtained
from the shift in the Dirac voltage (VDirac) and the transconductance (gm) with varying
electrolyte concentration. Graphene ISFETs on SiO2 exhibit remarkable sensitivity for the
desired ions with individual electrolyte as well as with lock solutions, where different
electrolytes are present simultaneously at different concentrations. Then again, for the
undesired ions, the sensitivity values were found to be remarkably low using particular
ionophoretic membrane. We demonstrated graphene ISFETs with more than 99%
repeatability and over 98% reproducibility over 60 days; these features exhibit our sensor
as stable, reliable and effective over the time for physiological ion imbalance sensing
applications. Using hBN as an underlying layer for graphene ISFETs, the sensitivity of the
desired ions enhanced significantly while the sensitivity for the undesired ions remain
unchanged. Thus, by introducing hBN, the selectivity of the graphene ISFETs with
ionophoretic membranes can be improved remarkably in ion sensing application.

FREQUENCY DOMAIN SENSING WITH SOLUTION-GATED
GRAPHENE SILICON DIOXIDE AND HEXAGONAL BORON
NITRIDE FIELD-EFFECT TRANSISTORS

6.1

Introduction

Solution-gated field-effect transistors (SGFET) with graphene as the channel
material have gained widespread attention over the last decade for a variety of label-free
sensing applications including detection of ions [95, 146, 176-178], DNA [179, 180],
proteins [181-183], and bacteria [184, 185]. Typical graphene SGFET operation involves
application of a fixed DC source-drain bias (VDS), sweeping the DC gate bias (VG) and
measuring the resulting source-drain current (IDS). The detection of analyte has been
inferred either by the shift in Dirac voltage (VDirac - gate bias that results in lowest sourcedrain current), or change in transconductance (∆IDS/∆VG). Recently, sensing in the
frequency domain with graphene SGFETs has been introduced using an AC gate bias and
analyzing the power spectral density (PSD) of IDS. This holds dual advantages: (1) the
potential to overcome unwanted signals like frequency dependent pink noise (1/f) or power
line noise, and (2) the PSD amplitude at higher order harmonics are comparatively higher
in graphene due to high electron mobility, tunable electronic transport polarity and high
saturation velocity [186]. The concept of frequency-domain sensing with graphene
SGFETs dates back to 2009, when Tomas Palacios group observed frequency
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multiplication with back-gated graphene FETs [2]. Later, Wang et al. reported an order
magnitude higher gain in second harmonic frequency response with a top-gated
configuration [187]. Joachim-Krause group recently leveraged these findings to develop
graphene SGFETs operating in the frequency domain [188, 189]. A sinusoidal gate-bias
(77.77 Hz, 100 mV RMS or 7.777 kHz, 50 mV RMS) was applied through the electrolyte
gate with a DC offset to operate near VDirac. Second harmonic responses were reported with
more than 95% of the total output energy with unity gain. Also, significant 1/f noise
reduction was reported when operating the graphene SGFET near VDirac.
In this paper, we examine the modulation of IDS at 1f, 2f, and 3f with no DC offset
of the gate signal. In this manner, the SGFET was operated at lower power and the holes
are the majority charge carriers. Specifically, we demonstrate frequency domain sensing
of K+ and Ca2+ ion concentration in the solution through which the SGFET was gated.
Furthermore, an enhancement in frequency domain ion sensitivity has been demonstrated
using hexagonal boron nitride (hBN) as a substrate instead of thermal oxide.
6.2
6.2.1

Methodology and Materials

Device Fabrication
Monolayer graphene or multilayer hBN films grown by CVD method on copper

foils (thickness: 20 µm) were obtained from Graphene Labs, Inc. With 1-10 µm grain size,
these CVD graphene films are mostly monolayer with 10% to 30% bilayer islands. The
CVD multilayer hBN film was about ~13 nm thick. One side of the copper foil (with
graphene or hBN) was spin-coated (1000 rpm for 10 s; 3000 rpm for 30 s) with a PMMA
solution (1000 rpm for 10 s; 3000 rpm for 30 s) and baked at 110°C for 5 min. We found
it important to spin-coat PMMA twice to keep the PMMA-hBN or the PMMA-graphene
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film intact after the release. The hBN or graphene film on the opposite side of the copper
foil was removed via oxygen plasma ion etching (TECHNICS MICRO Series 800 RIE,
100 W, 20 sccm O2, 20 min for hBN and 30 s for graphene). The PMMA-hBN or the
PMMA-graphene film was released by wet etching the copper foil at 60°C for 2 h. The
schematic device cross-section is shown in Figure 6-1.

Figure 6-1: Cross-sectional schematic diagram of the graphene field-effect transistor
on SiO2 with hBN. CVD graphene and hBN were transferred on Si/SiO2 substrate.
Electrodes were patterned through e-beam evaporation and lift-off process with Cr/Au.
Electrolytes were applied through the PDMS well. The Ag/AgCl electrode was
submerged in electrode solution as the gate electrode. The insulation layer was made
with SU-8 to isolate metal electrodes from the electrolytes.

The released PMMA film was rinsed with deionized (DI) water and modified SCII solution (H2O:H2O2:HCl = 20:1:1, 25°C, 10 min), and transferred to a Si/SiO2 substrate.
Boron-doped silicon wafers (thickness: 500 ± 25 µm; diameter: 100 mm; oxide thickness:
285 nm) were diced into 1.4 x 1.4 cm squares to use as substrates for GFET fabrication.
The transferred film was dried and flattened by spinning out the water between the PMMA
film and the substrate (200 rpm for 1 min; 500 rpm for 1 min, 1000 rpm for 1 min; 2000
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rpm for 10 min) and baking it on a hotplate (60°C at 5 min; 110°C for 10 min). PMMA
layer was then removed by soaking in a 1:1 solution of methylene chloride and methanol
for 1 h at 25°C. A two-layer resist was used in electrode patterning. The bottom resist layer
was a polymethylglutarimide based lift-off resist (LOR 7B; MicroChem; spin program:
500 rpm for 20 s; 1000 rpm for 10 s; 3000 rpm for 50 s; soft bake: 180°C, 7 min) to protect
the graphene layer from photo-initiated reactions. The top resist layer was a positive
photoresist (S1813, MICROPOSIT, spin program: 1000 rpm for 10 s; 5000 rpm for 50 s;
soft bake: 115°C, 90 s). Patterning of the resist was carried out using a chrome mask and a
Süss MicroTec MA/BA6 (soft contact mode; 1000 W; 20 s) and development in MF319 (MICROPOSIT, 15 s, 25°C) as illustrated in Figure 6-2.

Figure 6-2: (a) Optical microscope image of the graphene SGFET. (b) Scheme to test
graphene SGFET. The Au/Cr electrodes were used as the source and drain and an
Ag/AgCl electrode dipped into the salt solution was used to apply solution-gated gate
bias. A PDMS well was used to hold the solutions over the ISFET. (c) Operating point
with frequency sensing in transfer curve with varying concentration of KCl: neutral gate
point (VG = 0 V) is chosen for sensing operation to investigate the pure ac signal
response from graphene.

The metal layers, 25 nm Cr and 200 nm Au were deposited via electron-beam
evaporation (CHA Industries, BEC-600-RAP) and lift-off was carried out in Remover PG
for 15 min at 75°C. Using similar photolithography process, a layer of S1813 was patterned
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to protect 40 µm × 10 µm graphene channels and etch away the remaining graphene. To
prevent short-circuiting of the Au electrodes in the solution, a 2 µm thick electrical
insulation layer was lithographically patterned using SU-8 2002 (MicroChem; 500 rpm
for 10 s; 3000 rpm for 30 s). The device cross-sectional schematic diagram.
6.2.2

Measurement Setup
Six SGFETs were fabricated with monolayer CVD graphene, three with hBN and

three with SiO2 as the surface beneath the graphene. The chip layout and test setup used.
A polydimethylsiloxane (PDMS) well was punched out to hold the electrolyte over the
graphene strip. Aqueous solutions of KCl and CaCl2 (0.1 mM, 1 mM, 3 mM, 5 mM, 7 mM,
9 mM, 10 mM, 100 mM, and 1000 mM) were used as the gate electrolyte to test ionic
sensitivity. First for each solution, VDirac was recorded with a VDS of 100 mV. All SGFETs
had a positive VDirac, which implies that the graphene channel is intrinsically p-doped.
Then, the frequency domain characteristics were measured by applying a sinusoidal gate
potential of 100 mVRMS and 1400 Hz using a signal generator (HP 33120A). The IDS
measured in the time domain using a source-measurement unit (KEITHLEY 2636A) with
a VDS of 1 mV was then converted to PSD using the Welch’s method [190]. Harmonics
response in PSD versus frequency of graphene ISFET fabricated on SiO2 are shown in
Figure 6-3.
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Figure 6-3: Harmonics response in PSD versus frequency of graphene ISFET
fabricated on SiO2 with KCl from (a) to (i), and on hBN from (j) to (r), respectively.
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6.3

Results and Discussion

Figure 6-3(a-c) shows the example response at 1f, 2f and 3f with graphene SGFETs
gated through KCl solutions. The amplitude of 1f, 2f and 3f was found to increase with an
increase in salt concentration. Instead of a unique response at 2f according to prior reports
[188, 189], Figure 6-3(b) shows the 2f response was accompanied by additional two peaks
of higher amplitude. This response could be specific to our setup resulting in an antinode
at 2f. Figure 6-3(c) shows that the 3f response was unique and stronger (in amplitude) than
the 2f response. Figure 6-4, Figure 6-5, and Figure 6-6 show the complete PSD data for
the three SGFETs with graphene on SiO2 with KCl.

Figure 6-4: Harmonics response in PSD versus frequency of graphene SGFET01
fabricated on SiO2 with the varying concentration (0.1 mM, 1 mM, 3 mM, 5 mM, 7
mM, 9 mM, 10 mM, 100 mM, and 1000 mM) of KCl from (a) to (i), respectively.
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Figure 6-5: Harmonics response in PSD versus frequency of graphene SGFET01
fabricated on SiO2 with the varying concentration (0.1 mM, 1 mM, 3 mM, 5 mM, 7
mM, 9 mM, 10 mM, 100 mM, and 1000 mM) of KCl from (a) to (i), respectively.
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Figure 6-6: Harmonics response in PSD versus frequency of graphene SGFET03
fabricated on SiO2 with the varying concentration (0.1 mM, 1 mM, 3 mM, 5 mM, 7
mM, 9 mM, 10 mM, 100 mM, and 1000 mM) of KCl from (a) to (i), respectively.

Figure 6-7 compares the response specifically at 1f, 2f and 3f. The response at 3f
compared to that at 2f was found to be insignificant below 10 mM KCl; however, over 10
mM KCl, the response at 3f surpassed that at 2f. An increase in salt concentration is
expected to dope the n-carriers in the graphene channel and shift the VDirac closer to zero.
A semi-log plot of the amplitude at 1f, 2f and 3f obtained with KCl solutions versus VDirac
displays a linear sensitivity of -3.09 ± 0.19, -3.91 ± 0.57 and -7.28 ± 0.37. Figure 6-8 shows
the calibration charts with the amplitude at 1f, 2f and 3f plot versus KCl concentration.
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Figure 6-7: First three harmonics response in PSD versus frequency of graphene
SGFET01 (a-c), SGFET02 (d-f) and SGFET03 (g-i) fabricated on SiO2.

Figure 6-8: PSD of IDS through graphene supported on SiO2 and gated through KCl or
CaCl2. (a) 1f at 1400 Hz, (b) 2f at 2800 Hz, and (c) 3f at 4200 Hz.
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Figure 6-9, Figure 6-10, and Figure 6-11 show PSD data for the three SGFETs
with CaCl2 solutions of varying concentrations and Figure 6-12 compares the response
specifically at 1f, 2f and 3f.

Figure 6-9: Harmonics response in PSD versus frequency of graphene SGFET01
fabricated on SiO2 with the varying concentration of CaCl2 from (a) to (i), respectively.
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Figure 6-10: Harmonics response in PSD versus frequency of graphene SGFET02
fabricated on SiO2 with the varying concentration of CaCl2 from (a) to (i), respectively.
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Figure 6-11: Harmonics response in PSD versus frequency of graphene SGFET03
fabricated on SiO2 with the varying concentration of CaCl2 from (a) to (i), respectively.
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Figure 6-12: First three harmonics response in PSD versus frequency of graphene
SGFET01 (a-c), SGFET 02 (d-f) and SGFET 03 (g-i) fabricated on SiO2 with the
varying concentration of CaCl2 from (a) to (i), respectively.

The calibration charts with the amplitudes at 1f, 2f and 3f plot against CaCl2
concentration. Two important observations were: (1) amplitude at 3f was more than twice
as sensitive to ion concentration than the amplitude at 1f, and (2) the sensitivity of
amplitude at 1f, 2f or 3f to Ca2+ concentration was much higher than that noticed for K+.
The latter finding is quite contrary to that observed with the use of a DC gate bias, where
the sensitivity reduces proportionally to the valency of the cation [148, 175]. Having a wide
band gap (5.97 eV), and similar lattice structure (1.7% mismatch) as graphene, hBN is
considered an ideal dielectric interface to graphene, resulting in improved charge mobility
and transconductance [120, 124, 126]. Multilayer CVD grown hBN (~13 nm thick) was
introduced under monolayer graphene to improve frequency domain ion sensing
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characteristics of the graphene SGFETs. Figure 6-13 shows an increase in the PSD
amplitude at 1f, 2f and 3f with an increase in salt concentration, and peak splitting at 2f was
also observed with hBN-based SGFETs. Like the graphene on oxide SGFETs, overall, the
response at 1f was strongest (in amplitude) followed by 3f and 2f.

Figure 6-13: PSD of IDS through graphene supported on SiO2 and gated through KCl
or CaCl2 solutions of varying concentrations. (a) 1f at 1400 Hz, (b) 2f at 2800 Hz, and
(c) 3f at 4200 Hz. (a-c) data shown for one of the SGFET on SiO2. Semi-log plot of
PSD amplitude at 1f, 2f and 3f versus VDirac measured with solutions of different KCl
concentration (d-f), and CaCl2 concentration (g-i). Data from three devices is shown.
Dashed lines indicate a linear fit to the semi-log plot. Color of the dashed lines and the
slope value corresponds to the color of the data points.

Figure 6-14(a-c) that a semi-log plot of the amplitude at 1f, 2f and 3f obtained with
KCl solutions versus VDirac displays a linear sensitivity of -3.41 ± 0.16, -2.93 ± 0.24, and 5.40 ± 0.42. Figure 6-14(d-f) shows that a semi-log plot of the amplitude at 1f, 2f and 3f
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obtained with CaCl2 solutions versus VDirac displays a linear sensitivity of -4.98 ± 0.16, 4.64 ± 0.17, and -11.09 ± 0.82.

Figure 6-14: PSD of ISD through graphene supported on hBN and gated through KCl
or CaCl2 solutions of varying concentrations. Semi-log plot of PSD amplitude at 1f, 2f
and 3f versus VDirac measured with solutions of different KCl concentration (a-c), and
CaCl2 concentration (d-f). Data from three devices is shown. Dashed lines indicate a
straight line fit to the semi-log plot. Color of the dashed lines and the slope value
corresponds to the color of the data points.

The above discussed observations 1 and 2 made with graphene/SiO2 devices were
also true for graphene/hBN devices. Furthermore, two observations were made: upon
incorporation of hBN as a graphene support (3) the coefficient of variation (ratio of
standard deviation to mean) between different devices improved significantly, (4) as per a
two-tailed t-test, statistically significant reduction in ionic sensitivity at 2f and 3f was
noticed, while the change in sensitivity at 1f was statistically insignificant. The reduction
in ionic sensitivity could be due to the differences in surface charge density; SiO2 is
expected to have a higher surface charge density than hBN. It is possible that the reduction
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in ionic sensitivity was only seen at 2f and 3f because higher harmonics are more sensitive
to ionic concentration changes than 1f.
6.3.1

Resolution Limit Calculation in AC Mode Operation
As shown in Figure 6-8, and Figure 6-15, the slopes of the PSD versus the salt

solutuon concentration are obtained to calculate the ionic sensitivity of graphene ISFETs
fabricated on SiO2 and hBN in ac mode transistor operation.

Figure 6-15: PSD of IDS through graphene supported on hBN and gated through KCl
or CaCl2 solutions of varying concentrations. (a, d) 1f at 1400 Hz, (b, e) 2f at 2800 Hz,
and (c, f) 3f at 4200 Hz. (a-c) data shown for one of the SGFET on hBN. Semi-log plot
of PSD amplitude at 1f, 2f and 3f versus the KCl concentration (a-c), and CaCl2
concentration (d-f). Data from three devices is shown. Dashed lines indicate a linear fit
to the semi-log plot. Color of the dashed lines and the slope value corresponds to the
color of the data points.

The resolution limit (R) is calculated as follows
R=

Min.Signal
.
Ionic.Sensitivity

Eq. 6-1

where R is the resolution limit, Min.Signal is the minimum signal level, and
Ionic.Sensitivity represents the ionic sensitivity of the graphene ISFETs. By applying 100
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mM KCl solution at 1400 Hz with 100 mVRMS ac gate bias on graphene ISFET on hBN
and SiO2, 3 sets of channel current data are recorded. From 3 sets, 3 standard deviation
values are obtained. The minimum standard deviation value is considered at the minimum
signal level for certain harmonic frequency. The resolution limit (R) values are shown in
Table 6-1, and Figure 6-16.

Table 6-1: Resolution limit for graphene ISFETs on SiO2 and hBN with varying
concentration (0.1 ~ 1000 mM) of electrolytes (KCl, CaCl2) with 100 mVRMS ac gate bias
at 1400 Hz.

Frequency
(Hz)

Device

Electrolyte

1400

G/SiO2

KCl

1400

G/SiO2

CaCl2

2800

G/SiO2

KCl

2800

G/SiO2

CaCl2

4200

G/SiO2

KCl

4200

G/SiO2

CaCl2

1400

G/hBN

KCl

1400

G/hBN

CaCl2

2800

G/hBN

KCl

Ionic
sensitivity

Salt
Concentration
Range (mM)

(A /Hz/mM)

0.1 - 10
10 - 1000
0.1 - 10
10 - 1000
0.1 - 10
10 - 1000
0.1 - 10
10 - 1000
0.1 - 10
10 - 1000
0.1 - 10
10 - 1000
0.1 - 10
10 - 1000
0.1 - 10
10 - 1000
0.1 - 10
10 - 1000

1×10-15
1×10-17
1×10-15
1×10-17
1×10-17
1×10-19
1×10-18
1×10-20
1×10-18
1×10-18
1×10-17
1×10-18
1×10-15
1×10-16
1×10-15
1×10-16
1×10-17
1×10-18

2

Minimum
Signal
Level
2

Resolution
Limit (R)

(A /Hz)
9.7×10-16
9.7×10-16
7.6×10-17
7.6×10-17
1.6×10-17
1.6×10-17
7.2×10-16
7.2×10-16
5.6×10-17

0.97
97.03
0.97
97.03
7.63
763.43
76.34
7634.27
16.29
16.29
1.63
16.29
0.72
7.20
0.72
7.20
5.66
56.62
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Figure 6-16: SNR calculated in frequency domain for graphene supported on SiO2 and
hBN at (a,d) f = 1400 Hz, (b,e) f = 2800 Hz, and (c,f) f = 4200 Hz, gated through KCl
(a-c) or CaCl2 (d-f) solutions of varying concentrations. (a) SNR at first harmonic
responses are fitted with logarithmic curve fit using KCl. By introducing hBN, 18 to 53
times higher SNR achieved with two order in magnitude higher slope than using SiO2
with respect to the varying KCl concentration. (b) SNR at second harmonic responses
are fitted into two models: (1) the ascending part (0.1 mM – 10 mM) fitted with the
linear curve; (2) the descending part (10 mM to 1000 mM) fitted with logarithmic curve.
Using hBN, 60 to 124 times higher SNR obtained. (c) SNR at third harmonic responses
are fitted into two models: (1) the lower concentration part (0.1 mM – 10 mM) fitted
with the linear curve (inset chart); (2) the higher concentration part (10 mM – 1000
mM) fitted with logarithmic curve. (d) SNR for the first harmonic responses using
CaCl2 with graphene SGFET on hBN and SiO2: two order in magnitude higher SNR
responses obtained using hBN. (e) SNR for the second harmonic responses using CaCl2:
sharper responses obtained both in linear and logarithmic regions for hBN. (f) SNR for
the third harmonic responses using CaCl2: sharper responses obtained for linear (inset)
and logarithmic regions for hBN.

Signal-to-noise ratio (SNR) is claculated for graphene ISFETs on SiO2 and hBN in
AC mode operation. Noise power (Pnoise) is calculated through the average of PSD values
for the frequency range: 1500 Hz ~ 2500 Hz for both electrolytes (KCl, CaCl2) within the
concentration range: 0.1 mM ~ 1000 mM. Signal power (Psignal) is considered as the PSD
peak amplitude for corresponding harmonics (1st harmonic frequency: 1400 Hz, 2nd
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harmonic frequency: 4200 Hz, and the 3rd harmonic frequency: 4200 Hz). SNR is calculated
as follows
Psignal

SNR =

Pnoise

Eq. 6-2

where SNR is the signal-to-noise ratio, Psignal is the signal power, and Pnoise is the noise
power. Using hBN as an underlying layer of graphene channel for ISFETs, we found (1)
higher SNR for each electrolyte concentration for the first three harmonics; (2) higher
change in SNR values with respect to the electrolyte concentration than the values obtained
from graphene ISFETs on SiO2.
6.3.2

Resolution Limit Calculation in DC Mode Operation
In DC bias mode operation, the resolution limit of the graphene ISFETs is

calculated using SiO2 and hBN as the underlying dielectric layer.

Normalized

transconductance (g) can be calculated as follows

g=

1 ∆I DS
V DS ∆VG

Eq. 6-3

where VDS is the drain-to-source voltage, ∆IDS is the change in channel current for the
corresponding change in gate voltage, ∆VG. The conductance at the Dirac point (GS) is
measured as follows

GS =

I Dirac
VDS

Eq. 6-4

where IDS is the drain-to-source current at the Dirac point. PSD (SI) was measured with 10
ms pulse response with channel bias, VDS = 0.1 V, and frequency, f = 100 Hz. Noise
equivalent Dirac voltage shift (δVDirac) was calculated as follows [154]
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δVDirac =

2
S I I DS

.

Eq. 6-5

δVDirac
Ionic.Sensitivity

Eq. 6-6

g GS

The resolution limit (R) is calculated as follows

R=

where the Ionic Sensitivity is calculated from the slope of the shift in Dirac ponit (VDirac)
with respect to the concentration of the electrolyte solution in DC mode graphene ISFETs
operation that we already published in our previous report [175]. The resolution limit (R)
values for graphene ISFETs are tabulated as shown in Table 6-2.

Table 6-2: Resolution limit calculation for graphene ISFET on SiO2 and hBN for 100 mM
of electrolytes (KCl, CaCl2) with variable dc gate bias.
Ionic
Channel
TransConductance
2
Sensitivi
Current
conductanc
at Dirac
Device
S (A /Hz)
2
2
2
Electrolyte
ty (V / I
Point,
GS (S)
IDS (A ) e, g (A/V )
decade)
G/SiO2 0.164 5.2×10-17 1.6×10-07 2.1×10-05
1.2×10-04
+
K
G/hBN 0.198 4.9×10-18 8.7×10-08 6.4×10-05
5.9×10-05
-17
-07
-06
G/SiO2 0.057 5.0×10
1.8×10
6.2×10
1.7×10-04
2+
Ca
G/hBN 0.110 4.8×10-18 9.1×10-08 6.2×10-05
6.7×10-05

δVCNP

Resolution
(V/Hz ) Limit (R)
1/2

1.0×10-04 1.0×10-04
6.9×10-06 6.3×10-06
4.6×10-04 1.3×10-02
7.9×10-06 8.8×10-06

From Table 6-2, for K+ ion, two orders magnitude lower noise equivalent Dirac
voltage shift (δVDirac) and resolution limit (R) obtained using hBN. In the case of Ca2+ ion,
hBN improved up to two orders in magnitude lower noise equivalent Dirac voltage shift
(δVDirac) and four orders in magnitude lower resolution limit (R) in dc mode operation for
graphene ISFETs.
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6.4

Conclusion

In conclusion, the frequency domain sensitivity of graphene SGFETs to K+ and
Ca2+ ions has been demonstrated. The amplitude at 3f was found to be more sensitive to
changes in ion concentration than the amplitudes at 1f or 2f. Also, the sensitivity of
amplitude at 3f to Ca2+ concentration was much higher than that noticed for K+. The
construction of SGFETs on hBN further enhanced device-to-device repeatability while
reducing the sensitivity. Moreover, we make the comparison of the resolution limit (R) in
two different mode of operations for graphene ISFETs on SiO2 and hBN: AC signal and
DC biasing mode. In both cases, using hBN as an underlying dielectric, we obtained
significant lower resolution limit (R) values than those obtained with only the oxide layer.
It is remarkable that the resolution limit (R) values obtained from DC bias mode are found
substantially smaller than those obtained in ac mode operation.

CONCLUSION AND FUTURE WORK

7.1

Conclusion

In summary, we investigated 2D graphene-based materials, explored the electrical
properties, and applied the outcomes in ion sensing mechanism for future pathological
diagnosis applications. Overall, we exhibit remarkable findings, reported and published
most of these findings in the peer-reviewed journal articles [80, 98, 175]. Two more peerreviewed journal articles are under review; we expect those works to be reported and
published soon.
We investigated the effects of DND seeding on a microfabricated IDE pair using
impedance spectroscopy in pure water. Using the PNPA Diffusion model, the overall
density of charges was found to stay within the same values of order of magnitude as 3.31
x 1013 per cm3. Havriliak-Negami model reduced to Cole-Davidson model, seeding the
DNDs with a positive zeta potential as the IDEs reduced the geometrical resistance by
~57%, and the time constant for the Havriliak-Negami distributed element by ~72%, while
increasing the geometrical capacitance by ~3.4%. We propose that seeding DNDs with a
positive zeta potential reduces the surface potential of the gold, and the oxide surfaces, and
thereby reduces the electrostatic force acting on the diffuse ion cloud and increases the
mobility of the charge carriers within.
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Next, we reported important practical findings in the process of creating GO-based
volatile organic compound sensors for pulsed injections. We demonstrated a direct
comparison of sensing response from GO deposited via DEP and solvent evaporation
where with DEP on average showed 3 – 4 times the Response (%) that was demonstrated
using solvent evaporation. We exhibited the impact of chemical reduction using hydrazine
hydrate vapors on Response (%) and SNR. By sonication exfoliation in acetone, we
exfoliated the graphene films leaving behind only a few flakes on the sensor. This fewflakes rGO sensor produced a higher sensor Response (%) (6.83% versus 0.34% without
solvent exfoliation) with a higher SNR (130 versus 20 without solvent exfoliation) and
good repeatability (Standard deviation in Response (%) was ~3.13%).
Then, we reported that hBN was tested as a substrate for solution-gated graphene
ISFETs for sensing changes in K+ and Ca2+ concentrations. Compared to SiO2, hBN
devices yielded lower Dirac points and higher transconductances, which confirmed a lower
surface charge density on hBN than SiO2, and higher charge carrier mobility in graphene
on hBN. Furthermore, the shift in Dirac voltage and transconductance was higher for hBN
devices compared to SiO2 devices. This larger shift in Dirac voltage indicates that hBN as
a substrate has a lower rate of increase in n-doping level in graphene with change in K+
concentration. As well, we demonstrated selectivity for sensing particular ions through
some ionophoretic membranes over the graphene channel in terms of different sensitivity
level obtained from the shift in the Dirac voltage (VDirac) and the transconductance (gm)
with varying electrolyte concentration. Our graphene ISFETs on SiO2 exhibited
remarkable sensitivity for the desired ions with individual electrolyte as well as with lock
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solutions, where different electrolytes were present simultaneously at different
concentrations.
Then again, for the undesired ions, the sensitivity values were found to be
remarkably low using particular ionophoretic membrane. We demonstrated selectivity for
sensing particular ions through some ionophoretic membranes over the graphene channel
in terms of different sensitivity level obtained from the shift in the Dirac voltage (VDirac)
and the transconductance (gm) with varying electrolyte concentration. Our graphene
ISFETs on SiO2 exhibit remarkable sensitivity for the desired ions with individual
electrolyte as well as with lock solutions, where different electrolytes are present
simultaneously at different concentrations. As well, for the undesired ions, the sensitivity
values found remarkably low using particular ionophoretic membrane. We demonstrated
graphene ISFETs with more than 99% repeatability and over 98% reproducibility over 60
days; these features exhibit our sensor as stable, reliable and effective over the time for
physiological ion imbalance sensing applications. Using hBN as an underlying layer for
graphene ISFETs, the sensitivity of the desired ions enhanced significantly while the
sensitivity for the undesired ions remain unchanged. Thus, by introducing hBN, the
selectivity of the graphene ISFETs with ionophoretic membranes can be improved
remarkably in ion sensing application.
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7.3

Future Work Recommendations

For future development, lot of scopes and challenges would be inspired from the
works and findings we are reporting here:


First of all, we can design a device casing at chip level packaging for our fabricated
graphene ISFETs with all proper wirings and connections, where the chip will be
just inserted inside the casing to test it as a sensor in AC or DC mode.



New microfabrication design can be done with an array of graphene ISFETs, where
different ionophoretic membranes are deposited over the graphene channel. But the
electrolyte gate will be same for all the arrays. Hence, the real time sensing can be
done using different ionophoretic membrane using same sample at the same time.



Transition metal dichalcogenides (TMDCs) can be dissolved with graphene oxide at
different ratios and can be deposited as thin film for vapor sensing. There is a scope
for a comparative study using those films with and without having the chemical
reduction process.



Graphene ISFETs with ionophoretic membranes can be fabricated on flexible
substrate as a wearable sensing kit for the physiological testing.
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